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ABSTRACT
The cellular membrane plays a vital role in numerous biological processes, such
as communication, hormonal response and transport of both small and large molecules
into and out of the cell. In these processes, intra-and intermembrane interactions and
their dynamics are critical. Any intramembrane reactions depends upon later
interactions with the two-dimensional bilayer, which are not yet well understood.
However, the underlying mechanism of lateral molecular diffusions in biomembranes is
not fully understood. For example, it is unclear whether these molecules diffuse in a
controlled manner and if they do, what kinds of interactions and properties govern their
molecular dynamics. In contrast, intermembrane interactions are key processes for
endocytosis and exocytosis. Small vesicles diffuse close to and fuse with the target
membrane or are pinched off and diffuse away from the target membrane. Although
much focus has been directed toward the actual fusion and fission steps, understanding
of vesicle dynamics and their interactions near the target membrane remain elusive,
despite their importance. The major intricacy in studying weak, yet highly cooperative,
these dynamics is the complex heterogeneity of cellular membranes, which requires
integrated and noninvasive techniques to investigate the requisite broad range of spatial
and temporal scales. To date, however, conventional techniques have been optimized to
probe membrane dynamics over a narrow range of space and time.
To fully understand complex membrane dynamics in vivo, model systems allow
systematic and rigorous exploration of physical mechanisms. Therefore, I employed
supported planar bilayers and small unilamellar vesicles to study membrane dynamics,
under various controlled conditions. To interrogate intra- and intermembrane dynamics,
we developed multimodal microscopy that can simultaneously perform several
microscopic and spectroscopic techniques, such as prism based- and objective based
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total internal reflection (TIR) microscopy, fluorescence correlation spectroscopy (FCS),
single particle tracking (SPT) and holographic optical trapping. Individual techniques
were validated by proof-of-concept experiments including imaging local adhesion of
C3H 10T½ fibroblast, monitoring the diffusion properties of lipid analogs in the plasma
membrane of RBL cells, tracking individual lipids in model membrane systems and
trapping arrays of silica beads (~ 0.8 um in diameter) in defined patterns.
By combining three different methods, i.e., TIR, FCS and optical trapping, I
simultaneously manipulated and probed the dynamics of individual particles near a
substrate-solution interface. I observed the diffusion of polystyrene particles and
trapped single particles (~84 nm in diameter) near glass surfaces treated with several
materials, such as polyethylene glycol 8000, bovine serum albumin or sodium
hydroxide. These results indicated that particle diffusion is influenced by surface
interactions, which may have further implications in vesicle/membrane interactions
that subsequently were investigated.
To provide a comprehensive interpretation of endocytosis and exocytosis, the
dynamics of freely diffusing small vesicles near supported planar bilayers were
investigated using TIR-FCS. The population distributions of vesicles near planar
bilayers were affected by ionic strength, pH of surrounding buffers, as well as lipid
compositions of the planar bilayers. As a result, vesicles experienced altered
hydrodynamic interactions with the planar bilayers and thus changing measured
vesicle diffusion near the bilayers. These experimentally determined vesicle
dynamics agree with theoretical simulations. Based on these results, I propose that,
when small vesicles are not in contact with cellular membrane, they do not randomly
iv

diffuse around membranes, but may diffuse in a controlled manner under various
dynamic biological conditions.
To further mimic the cellular environment, the interactions of vesicles with
supported planar bilayer were investigated under crowded and highly viscous
conditions. By adding glycerol to the small vesicle/planar membrane model system, the
dynamics of vesicles near planar bilayer were considerably reduced. Increasing the
solution viscosity with glycerol enhanced the attractive interactions of vesicles with
planar bilayers. In addition, I observed that Ficoll 70 solutions that increased viscosity
and the excluded volume effect can further reinforce the attractive interactions between
vesicles and planar bilayers. The excluded volume effect of Ficoll 70 slightly enhanced
vesicle/membrane interactions, in contrast to the large viscosity effects induced by Ficoll
70. In addition, vesicles showed more dramatic changes in their interactions with
negatively charged planar bilayer than with neutral planar bilayer. Therefore these
results imply that, within cells, vesicle interactions are improved mainly due to viscosity
effects.
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I. Introduction
1.1 Overview
After Singer and Nicolson (1972) introduced the fluid mosaic model, the
concept of cellular membranes has evolved, now describing dynamic and structured
matrices that play critical roles in a variety of cellular processes (Jacobson et al.,
1995; Vereb et al., 2003; Wenger et al., 2007). Understanding molecular interactions
and diffusion within and between membranes is vital to appreciating how
biomembranes function in vivo. However, several obstacles prevent a full
understanding of the underlying mechanism of membrane dynamics in cells.
Traditional single-dimensional techniques provide restricted abilities for studying
membrane dynamics and interactions. In addition, cellular membranes are inherently
heterogeneous and complex such that it is difficult to dissect the underlying
mechanism of membrane dynamics in vivo. Therefore, this Dissertation is focused on
two aims toward investigating membrane dynamics and molecular interactions. First,
to overcome or expand the limits of traditional microscopic and spectroscopic
techniques, several methods are integrated into a single-microscope platform. In
addition, these combined techniques are used to interpret intra- and intermembrane
dynamics and various physical mechanisms, in model membrane systems, which
provide well-defined and controlled environments.
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1.2 Cellular membrane as an organelle
Biological membranes are one of the most basic structures that define cells.
The plasma membrane provides a cell while intracellular membranes enclose other
organelles such as the nucleus, mitochondrion, Golgi complex, endoplasmic
reticulum and endosomes. Beyond these structural functions, biological membranes
also provide a vital platform for numerous biological processes, including cell-to-cell
communication, active and passive transport of various materials ranging from ions to
macromolecules, cell adhesion and propagation of electrical signals. Cell-to-cell
communication occurs at various places such as synapses and are involved in immune
and hormonal responses. For example, nerve cells transfer signals to other cells by
releasing neurotransmitters via processes mediated by two membranes, i.e., synaptic
vesicle fusion (Brunger, 2001; Wiedemann, 2007). The immune response is initiated
by T cells recognizing specific lipids or peptides in the membranes of infected cells
(Borg et al., 2007; Moody, 2007). In addition, hormon receptors within biological
membranes also induce critical hormonal responses, such as growth and development
and reactions to environmental stresses (Collins and Webb, 1999; Liu et al., 2007).
Further, to transport materials between organelles and in and out of cells, cells
employ endo- and exocytosis using membrane-enveloped vesicles or endosomes that
continuously interact with other membranes (Blumenthal et al., 2003; Mukherjee et
al., 1997; Valadi et al., 2007). Cells are able to move by reversibly controlling the
adhesion to and detachment from substrates (Perlin and Talbot, 2007). Cellular
membranes also establish and propagate electrochemical gradients via active
2

transporter proteins (Chanda et al., 2005) and play a key role as energy transducers,
for example, in rod cells (Rosenzweig et al., 2007).

1.2.1 Diverse and heterogeneous lipid composition of cellular membrane
The structure of biomembranes is rather simple, however the components are
extremely complex. As the main building block of biomembranes, lipid bilayers are
constructed of amphiphilic lipids self-assembled via noncovalent interactions.
Interestingly, more than 1000 different lipid species (Feigenson, 2007; Russ et al.,
2003) have been found in cell membranes with approximately 50 weight%. Various
membrane proteins, such as integral and peripheral proteins, are associated with cell
membranes accounting for the remaining 50 weight% cell membranes as well
(Goldman et al., 2004) (Fig. 1.1). Such lipid diversity suggests that these molecules
may not only be a component of the structural membrane building block, but also
support critical life functions. The major species include phospholipids that comprise
more than half of the total lipid mass in most cell membranes, glycolipids with
negative charges, cholesterol with a relatively small head group and sphingomyelins
derived from sphingosine (Cooper, 2000). Diverse lipids control and influence the
chemical and physical properties and therefore, the functions of cellular membrane
(Kinnunen, 1996; Kinnunen and Laggner, 1991).
In addition to the diversity of lipids, heterogeneous lipid compositions have
been observed on the membranes of various organelles
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Figure 1.1. Schematic diagram of a lipid bilayer and associated membrane proteins.
Diverse lipid molecules compose a lipid bilayer, in which self-assembled lipids
create a two-dimensional sheet via hydrophobic interactions. Membrane proteins
are either embedded in or bound to the lipid bilayer.
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(Barr and Shorter, 2000; Mamdouh et al., 1998). Most glycolipids and
sphingomyelins can be found in the plasma membrane, while phosphatidylcholines
abound in the membranes of the nucleus, mitochondria and endoplasmatic reticulum.
Mitochondrial membranes also contain a significantly higher content of charged
lipids (~20 weight%) and phosphatidylethanolamine (Rostovtseva et al., 2006).
Moreover, lipid compositions vary in the inner versus outer leaflets of the plasma
membrane. For example, phosphatidylserine and phosphatidylethanolamine are
mainly enriched in the inner leaflet, while glycolipids, phosphatidylcholine and
sphingomyelins reside in the outer leaflet of the plasma membrane of eukaryotic cells
(Bevers et al., 1999; Devaux, 1993. ).

1.2.2 Phase behavior of lipid bilayers
Phase behavior is a critical property of biological membranes (Feigenson,
2007). As temperature increases, lipids do not undergo a direct phase transition from
solid to liquid in water. Instead, they exhibit lyotropic mesomorphism behavior, in
which lipids are self-assembled to create bilayer structures and pass through various
hydrated states (Jones and Chapman, 1995). Among many mesophases, gel and fluid
phase have been thoroughly investigated using model membrane systems because
they can be easily found under physiological conditions. Lipids in bilayer structures
of these phases show distinct properties (Yeagle, 1992). Below body temperature,
many lipids form highly packed gel phases via strong hydrophobic interactions,
exhibiting both short- and long-range order. In addition, the lateral mobility of lipids
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in the gel phase is restricted (Gennis, 1989). At higher temperatures (above the
permissive melting temperature), hydrocarbon chains achieve a disordered state such
that lipids behave as fluid (also known as the liquid-disordered phase) displaying only
short-range order and more dynamic properties. At body temperature, both phases
can exist and what differentiates the phases is the length and the order (saturation) of
the lipid hydrocarbon chains. Lipids with highly ordered and sufficiently long
hydrocarbon chains can form the gel phase (Fig. 1.2.a). Unsaturated or short
hydrocarbon chains increase the disordered properties of lipids so that lipids behave
as fluid phase (Fig. 1.2.c). Another interesting type of mesophase is liquid-ordered
phase (Fig. 1.2.b). The liquid-ordered phase is formed by adding cholesterol to gel
phase lipids. The incorporation of cholesterol decreases van der Waals interactions
between hydrocarbon chains of gel phase lipids so that lipids present less molecular
order and faster lateral diffusion than those in gel phase and higher molecular order
and slower movement than those in fluid phase (Almeida et al., 1993; London, 2002).
Plasma membrane contains a significant fraction of lipids in liquid-ordered phase
(Mukherjee et al., 1997). Therefore, cellular membrane has sufficient fluidity and
softness that is necessary for membrane functions such as in-plane membrane
reactions, conformational changes of membrane-spanning proteins, cell migration and
cell growth (Shinitzky, 1984; Sok et al., 1999; Zeisig et al., 2007).
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a

b

c

Figure 1.2. Phase behavior of lipid bilayer. (a) Fluid phase: lipids experience less
hydrophobic interactions between acyl chains of lipids because hydrocarbon chain order
is lower and thus, the molecular dynamics are faster than for lipids in any other phase.
(b). Liquid-ordered phase: cholesterol molecules are associated with saturated lipids.
Due to cholesterol disrupting the hydrophobic interactions between saturated lipids,
hydrocarbon chain order is less than for gel phase but higher than for fluid phase. (c)
Gel phase: strong hydrophobic interactions between acyl chains increase hydrocarbon
chain order and decrease lipid molecule dynamics.
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1.2.3 Lateral organization of lipid bilayer
The complexity of cellular membranes is further amplified by the lateral phase
separations of lipids. When bilayers are composed of diverse lipids, they can create
laterally segregated domains (Almeida et al., 1992a; Blume, 1979; Lehtonen et al.,
1996). Lateral domains are the result of favorable interactions between lipid species
with similar properties, lipid-protein interactions or electrostatic interactions
(Aittoniemi et al., 2007; Dumas et al., 1997; Maggio, 2004). The evidence of phase
separations in model membrane was reported from early 1970s using spin labeling or
dark-field electron microscopy (Hui and Parsons, 1975; Stier and Sackmann, 1973).
Recently, the spatio-temporal dynamics of domains have been investigated using
giant unilamellar vesicles and supported planar bilayers as model membrane systems
(Bagatolli et al., 2003; Fidorra et al., 2006; Ratto and Longo, 2002). Not only simple
gel and fluid phase separations are generated (Lin et al., 2006; Ratto and Longo,
2002) but also, fluid-fluid separations can be promoted through the interaction of
sufficient amount of cholesterol. By incorporating cholesterol into membranes with
unsaturated lipids, the liquid ordered phases are spontaneously formed and
surrounded by fluid phase (Almeida et al., 1992b; Hancock, 2006; Marguet et al.,
2006; Sankaram and Thompson, 1991)..
Several studies initially suggested domain formation in plasma membranes
(Karnovsky et al., 1982a; Karnovsky et al., 1982b). In addition, the detergent
resistant membrane (DRM) fraction whose insolubility is enhanced by increasing
cholesterol compositions was isolated and biochemically analyzed (Bloom and
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Thewalt, 1995; Schroeder et al., 1994; Sheets et al., 1999b). The isolated DRMs
contain lipids in liquid-ordered phases and are thought to be particular domains,
called lipid rafts, are enriched in cholesterol, saturated lipids and sphingomyelin.
Molecules are stabilized by entropically favorable packing interactions between
saturated lipids and sterol molecules. The dipolar interactions between sphingolipids
and possible hydrogen bonding between the head groups of cholesterol and
sphingolipids are believed to also stabilize DMR domains (Brown and London, 2000;
Brown, 1998; Sheets et al., 1999b; Silvius, 2003; Simons and Ikonen, 1997). Lipid
rafts have been vigorously investigated due to their hypothesized functional
significance in facilitating a variety of cellular processes such as cell signaling,
vesicle trafficking and cell adhesion and motility (Futerman and Hannun, 2004;
Holthuis et al., 2003; Rietveld and Simons, 1998). In addition, researchers have tried
to characterize raft domains in cell membranes with various techniques and
membrane systems (Davey et al., 2007). A broad range of raft domain sizes, from
10–40 nm (Silvius, 2003) to several micrometers (Gaus et al., 2003), has been
observed or suggested. Cells under non-physiological conditions show micron-sized
domains that can be clearly seen by light microscopy (Davey et al., 2007; Hwang et
al., 1998; Thomas et al., 1994). Nanometer-scale domains have been suggested by
indirect evidence, such as donor quenching fluorescence resonance energy transfer
(FRET) analysis (Leidy et al., 2001) and by correlating diffusions of particles
obtained by single particle tracking (Vrljic et al., 2002). However, under physiological
conditions, because domains are transient, dynamic and smaller than the diffraction
9

limit of optical microscopy, direct observations have not yet been reported.

1.3 Membrane dynamics

1.3.1 Intramembrane dynamics
With their inherent complexity diverse and heterogeneous lipids control and
influence the functions of biomembranes. However, most importantly, in-plane
interactions of membrane molecules expand their functions to participate in a wide
range of critical cellular processes. The fluid mosaic model proposed that the cell
membrane is a lipid bilayer, existing as a two-dimensional fluid in which membrane
proteins are embedded and freely diffusing (Singer and Nicolson, 1972). This model
triggered the consideration that the membrane is a dynamic structure and that proteins
and lipids are randomly distributed in the bilayer plane due to free Brownian motion.
Although the model led to insight into the dynamic properties of biological
membranes, it was initially oversimplified to free random diffusion of molecules.
Emerging experimental evidences indicates that membrane organization is not
arbitrary and that the mobility of proteins and lipids is restricted so that these
molecules often exhibit hindered diffusion (Bates et al., 2006; Edidin, 2003; Jacobson
et al., 1995; Kusumi et al., 2005b; Sheets et al., 1997). The lateral diffusion of
membrane molecules has been thoroughly investigated with various biophysical
techniques, such as fluorescence photobleaching recovery (FPR) (Edidin and
Stroynowski, 1991; Thomas et al., 1994), fluorescence correlation spectroscopy
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(FCS) (Bates et al., 2006; Kyoung et al., 2007), single particle tracking (SPT) (Sheets
et al., 1997; Simson et al., 1995; Suzuki et al., 2005) and optical trapping (Peters et
al., 1999; Ritchie et al., 2005). These studies reported that various modes of lateral
transport, such as directed motion, confined motion, anomalous diffusion and
stationary phase, occur on the cell surface, in addition to the expected Brownian
motion (Edidin, 2003; Jacobson et al., 1995; Vereb et al., 2003). Furthermore,
molecules are likely to switch frequently between these particular modes of diffusion
(Dietrich et al., 2002; Jacobson et al., 1995; Meder et al., 2006; Nakada et al., 2003;
Sheets et al., 1997; Sheets et al., 1995; Simons and Ikonen, 1997; Wenger et al.,
2007). Various mechanisms have been suggested to explain non-Brownian motion
and the significantly reduced mobility of molecules in cell membranes as compared to
model membranes (Fujiwara et al., 2002; Lenne et al., 2006; Marguet et al., 2006;
Marguet et al., 1999). The discrepancies in diffusion modes and rates are the results
of the transient interactions between membrane proteins and large multimeric
complexes (Marguet et al., 1999), the obstacles resulting from direct and indirect
interactions with the actin-based membrane skeleton or extracellular matrix (Fujiwara
et al., 2002; Sako and Kusumi, 1994) and the corrals formed on various scales (Lenne
et al., 2006; Yechiel and Edidin, 1987).

1.3.2 Intermembrane dynamics
Cells are not only employ in-plane dynamics of membrane molecules to
increase the efficiency of membrane interactions with materials, but also
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intermembrane dynamics to store and transferr materials, called endocytosis and
exocytosis. The small-scale enclosed membranes, such as lipid vesicles are
constantly moving between organelles. At synapses, for example, nerve cells
communicate with each other by releasing neurotransmitters via synaptic exocytosis.
In addition, membrane trafficking that regulates intracellular communications
between organelles includes endocytosis at the plasma membrane, the secretory route
from the endoplasmic reticulum to the plasma membrane and the degradation
pathway from endosomes to lysosomes. At both the subcellular and cellular levels,
all vesicle-membrane dynamics include fusion and fission processes, as well as
processes of vesicle diffusion close to other biomembranes. First, vesicles diffuse
near a membrane, which is a sequential process before vesicles fuse with or after they
are pinched off from membranes. Secondly, vesicles dock and remain at desired local
areas of the membrane while a number of proteins perform fusion (Chen and Scheller,
2001) or fission (Corda et al., 2002). The protein-dependent interactions of vesicles
with membranes at the second stage have been widely investigated by many
researchers (Lei and MacDonald, 2003; Liu et al., 2005a) (Jahn and Scheller, 2006).
Significant progress, especially in the identification of the number of proteins
involved in regulation of fusion and fission processes, has been achieved (Burger,
2000; Jahn and Scheller, 2006). Fusion pore dynamics have been assessed using
theoretical methods (Kozlovsky and Kozlov, 2003; Yan et al., 2004). Although the
second stage is also critical for completing vital biological processes, the mechanism
of vesicle diffusion near a membrane has been poorly understood. Recently, a kiss12

and-run model of exocytosis has been suggested, in which a vesicle fuses to the cell
membrane, a transient fusion pore forms to transfer neurotransmitters and the vesicle
detaches from the membrane to be reused as a synaptic vesicle. This kiss-and-run
and complex kiss-and-run, in which the continuous kiss-and-run processes occur
(Rizzoli and Jahn, 2007), emphasize that vesicles are dynamic while they are not
performing fusion processes and that regulated diffusion of vesicles might increase
the efficiency of exocytosis.

1.4 Microscope-based biophysical techniques for studying membrane dynamics
The functional intra- and intermembrane dynamics of molecules and small
vesicles are believed to be governed by well-defined and not yet completely revealed
spatial and temporal controls. Specialized optical microscopic and spectroscopic
techniques have been extensively developed and applied to understand the underlying
mechanisms of these dynamics (Michalet et al., 2003; Pepperkok and Ellenberg,
2006; Peterman et al., 2004; Presley, 2005). Most developed techniques are the result
of efforts to stretch the limits of spatial and temporal resolution to observe the details
of membrane dynamics that are transient, rapid and below the diffraction limit.
However, for now, none of the techniques afford the opportunity to observe complete
and intact dynamics of biological objects, but instead, provide only a small slice of
information. Therefore, by combining the techniques described in the following
subsections into a single microscope, we expanded the limit of optical microscopebased biophysical techniques in multiple dimensions. Here, each technique that is
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integrated into our microscope will be introduced and in Chapter 2 more detailed
background of each technique will be explained. The versatile microscope that can
simultaneously perform the various biophysical techniques will be discussed in
Chapter 3.

1.4.1 Techniques for selectively illuminating an interface: total internal
reflection fluorescence microscopy (TIRFM)
Total internal reflection fluorescence microscopy (TIRFM) provides the most
sensitive method of illumination at the interface of two media with different refractive
indices. By totally internally reflecting the illumination at the solution/substrate
interface, we can generate an evanescent field that propagates into the solution. Due
to the thin depth of the evanescent wave that exponentially decays as a function of the
distance from the interface, we can selectively excite fluorophores that are within
~100 nm of the surface (Axelrod, 2001; Schneckenburger, 2005) (see Chapter 2). In
1965, Hirschfeld first employed total internal reflection fluorescence (TIRF) to
selectively illuminate an interface of solid and liquid (Hirschfeld, 1965). TIRF was
firstly combined with an upright microscope, as described by Hirschfeld et. al (1977)
to assay viruses in human blood serum. After Axelrod and Gingell originally used
TIRFM in cell biology to image cell-substrate contacts (Axelrod, 1981; Gingell,
1981), various biological applications of TIRFM have emerged, such as, studies of
exocytosis of secretory vesicles (Taraska and Almers, 2004) and the retrograde
tubule-mediated pathway of dendritic cells (Chow et al., 2002). Recently, single
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molecule studies requiring extremely suppressed backgrounds, have taken advantage
of TIRFM combined with fluorescence resonance energy transfer to study a variety of
in vivo and in vitro systems (Ewers et al., 2005; Sako et al., 2000; Uemura et al.,
2007). In addition, combining TIRFM with other techniques for probing the
dynamics of molecules, such as FCS (Ohsugi et al., 2006), FPR (Swaminathan et al.,
1996) and SPT (Fujiwara et al., 2002), provides greater spatial resolution than
conventional techniques, particularly along the imaging axis.

1.4.2 Techniques for probing molecular dynamics: fluorescence correlation
spectroscopy (FCS) and single particle tracking (SPT)
FCS measures the fluorescence intensity fluctuations that originates from the
diffusion of fluorescent molecules in and out of a very small detection volume (~fL)
over time. Using a small pinhole in front of a detector, an objective lens with a high
numerical aperture and collimated illumination that overfills the back-aperture of the
objective lens, FCS provides high spatial resolution to probe the dynamics of
fluorescently-tagged molecules or particles (see Chapter 2). FCS requires only a
small number of molecules (~1–10 nM) within the detection volume, which is
suitable for real biological systems and is capable of detecting fluctuations in
molecules’ thermal motion. The average lateral diffusion coefficient (D) and the
average number of fluorescent molecules (N) are obtained by autocorrelating these
fluorescence fluctuations (Hess et al., 2002; Kim and Schwille, 2003; Korlach et al.,
1999). Since FCS was first introduced (Elson and Magde, 1974; Magde et al., 1972;
15

Magde et al., 1974), its sensitivity has been improved to the single-molecule level by
introducing a confocal configuration and by developments in electronics, computers,
optics and lasers (Hess et al., 2002; Rigler et al., 1993). FCS has been subsequently
used for monitoring various systems, especially in vivo and in vitro membrane
dynamics (Bacia et al., 2006; Haustein and Schwille, 2007; Korlach et al., 1999;
Marguet et al., 2006; Ruan et al., 2004). Note that FCS provides ensemble-averaged
properties of molecules because the autocorrelated fluctuation signals are generated
from a number of molecules that pass through the detection volume.
As a complementary method, SPT has been used to characterize the movements
of a single particle with nanometer-scale precision (Ritchie and Kusumi, 2003;
Saxton and Jacobson, 1997). In biology, the molecule of interest must be tagged with
a single particle, such as a nanoparticle or quantum dot and the tracked motions of the
particle eventually reflect the movements of the molecule. To analyze such motions,
the trajectories of the particle are reconstructed from time series obtained during the
course of the experiment (see Chapter 2). In contrast to ensemble average techniques,
SPT resolves the motion of single molecules and, thus, diverse diffusional modes of
individual particles can be revealed. By characterizing the motion of individual
molecules, SPT allows us to characterize biomembrane heterogeneity. Therefore, SPT
has been applied to living cells where the membrane molecule diffusion is
heterogeneous and not straightforward. Complex diffusion of membrane molecules
in vivo has been observed due to the presence of barriers (Ritchie et al., 2003; Sako
and Kusumi, 1995; Saxton, 1995; Sheetz, 1993; Tang and Edidin, 2003; Winckler et
16

al., 1999), heterogeneity in membrane physical properties (Dietrich et al., 2002;
Douglass and Vale, 2005; Sheets et al., 1997; Simons and Ikonen, 1997; Zhang and
Granick, 2005), as well as intermolecular interactions (Douglass and Vale, 2005;
Haggie et al., 2006). Combining optical tweezers that can exert optical forces on
microscopic or nanoscopic objects, researchers have also applied SPT to address the
mechanical properties of membrane molecules and the overall structural properties of
membranes (Edidin et al., 1991; Kusumi et al., 2005b; Peters et al., 1999; Sako and
Kusumi, 1995).

1.4.3 Techniques for molecular manipulation: optical trapping and holographic
optical trapping (HOT)
A strong electric field gradient can attract dielectric particles. Using a high
numerical aperture objective, a laser beam can be tightly focused and as a result, a
strong electric field gradient that generates optical forces is created. Because the
strongest electric field gradient is located at the center of the focus, dielectric particles
move toward and are trapped near the focus. The reason for trapping near focus,
rather than at focus is due to the scattering force that light applies to particles along
the direction of beam propagation causing particles to be trapped slightly downstream
of the focus (see Chapter 2). In the early 1970s, Arthur Ashkin first published about
laser-based optical trapping, noting that the radiation pressure of a laser can displace
and levitate dielectric particles (1970). He also demonstrated that counterpropagating laser beams can stably trap particles and liquid drops in three-dimensions
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(Ashkin and Dziedzic, 1971; Ashkin and Dziedzic, 1975). As the next generation,
single-beam optical trapping, also known as optical tweezers, was developed (Ashkin
and Dziedzic, 1975). Biological applications started from the late 1980s, with the
trapping of individual tobacco mosaic viruses (Ashkin and Dziedzic, 1987) and single
Escherichia coli bacteria, as well as manipulating of particles within the cells (Ashkin
et al., 1987). After this initiation, numerous applications in biology have surfaced
(Svoboda and Block, 1994), i.e., optical tweezers have sorted and isolated cells,
organelles and chromosomes (Ashkin et al., 1987; Block et al., 1989) and measured
the mechanical properties of cytoskeletal assemblies and membranes (Edidin et al.,
1991; Edidin et al., 1994; Kusumi et al., 2005b; Peters et al., 1999; Sako and Kusumi,
1995; Svoboda and Block, 1994).
The optical trapping methods mentioned thus far have used only a singlebeam or double-beam configuration to create a tight focus, or foci and stably
manipulate particles. However, additional flexibility can be achieved by increasing
the number of traps. More sophisticated manipulation of an object that is larger than
the light wavelength is possible by trapping it at several locations. A number of traps
can be useful for manipulating several objects simultaneously to investigate complex
molecular interactions. By parallelizing multiple procedures in one sample chamber,
one can increase the time efficiency and better comparison between parallelized
procedures can be achieved due to conserved conditions. Thus, researchers thus,
have developed various methods to create and move multiple traps. Arrays of optical
traps, with a maximum number of traps on the order of ten, have been created using
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galvano-scanning mirrors controlled by a feedback-corrected piezoelectric system
(Mio et al., 2000; Sasaki et al., 1991). Increasing the number of optical traps and
dynamically changing two-dimensional arrays of traps is possible using acousto-optic
deflectors (AODs) (Visscher et al., 1996) that can create diffraction gratings with
various diffraction angles and efficiencies by controlling the frequency and the
amplitude of a sound wave propagating through a crystal (Brouhard et al., 2003;
Nambiar and Meiners, 2002). Three-dimensional arrays of traps created by fast
switching between two beam paths is enabled by combining AODs with a Pockels
cell (van Blaaderen et al., 2003). However, this is basically a time-sharing method,
which is still limited to creating two planes, and rapidly switching back and forth.
Taking advantage of Dennis Gabor’s invention as a way to reconstruct a
wavefront of light (Gabor, 1948; Gabor, 1949), known as holography, researchers
have developed holographic optical tweezers (HOT) that can create multiple traps by
splitting a single laser beam in three-dimensional space. The first generation of HOT
used fixed diffractive optical elements (Durfresne and Grier, 1998; Fournier et al.,
1995) at the conjugate plane of the back-aperture of an objective lens, which creating
multiple unmovable traps. Dynamic HOT became possible by introducing computercontrolled spatial light modulators (SLM), instead of the fixed diffractive optical
elements (Curtis et al., 2002; Hayasaki et al., 1999; Liesener et al., 2000; MacDonald
et al., 2003; Melville et al., 2003). The diffractive patterns in SLMs can be changed
dynamically and as a result, sequential diffractive patterns move individual trap
positions in time (see Chapter. 2).
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This Dissertation describes the underlying mechanisms of membrane
dynamics using a custom-built multimodal microscope that is integrated with
objective- and prism-based TIR, FCS, SPT, optical trapping and HOT. Chapter 2
explains the theory and background of each technique in detail and the multimodal
microscope that can simultaneously perform multiple biophysical techniques will be
described in Chapter 3. Individual applications for specific systems are demonstrated
in Chapter 3 as well. Chapter 4 explains the intermembrane dynamics between lipid
vesicles and supported planar bilayers under controlled environments using total
internal reflection-fluorescence correlation spectroscopy (TIR-FCS). Along with
experimental study on intermembrane dynamics, theoretical analysis based on
hydrodynamic interactions, combined with various possible potential energies
between two membrane systems, is also investigated. Chapter 5 demonstrates the
dynamics of small single particles near walls using the combined techniques of TIR,
FCS and optical trapping. The study of various types of surfaces, incident angles of
TIR and dynamics of trapped and free particles are described. Intramembrane
dynamics to characterize patterned supported lipid bilayers has been investigated
using conventional FCS and this work will be described in Kanika Vats’ thesis.
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II. Background theory of microscopic and spectroscopic techniques
This Chapter describes background theory of each technique integrated to our
multimodal microscope. The detail theories of prism and objective based TIRFM,
FCS, SPT, single optical trapping and holographic optical trapping are discussed.

2.1 Total internal reflection fluorescence microscopy
TIRFM has been extensively used in biological fields due to the extremely
decreased observation volume. Because the intensity of the evanescent wave
decreases exponentially from the interface, background illumination (out-of-focus
illumination) is reduced and the signal-to-noise ratio is increased. Therefore,
especially for dynamics that commonly take place at the interface of glass surface and
buffer solution, TIRFM provide most suitable illumination method. Two different
configurations of TIRFM, i.e., prism- and objective-based, P-TIR and O-TIR,
respectively have been developed (Axelrod, 1981; Axelrod, 1989). In this section,
the basic theory and background of TIRFM, as well as the advantages and
disadvantages of both TIRFM techniques will be discussed.

2.1.1 Basic theory of TIRFM
Snell’s law explains how a light beam passes through an interface between
two dielectric media. If each medium has a different refractive index (ni ) , then the
light changes its path away from the optical axis. Beam refraction is described by
Snell’s law (Fig. 2.1 a),
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Figure 2.1. Application of Snell’s law. (a) When the incident angle (! i ) is smaller than
the critical angle, the beam is refracted at the interface. (b) When ! i is equal to the
critical angle, the beam propagates along the interface plane. (c) When ! i is larger than
the critical angle, the beam is totally reflected at the interface and is referred to total
internal reflection. Note: the refractive index n1 is always larger than n2 .
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n1 sin !1 = n 2 sin ! 2 ,

(2.1)

where ! i is the incident angle (i = 1) and refracted angle (i = 2) of the transmitted
light. For n1 > n 2 , the beam propagates along the plane of the interface when the
incident angle is equal to the critical angle, ! c (Fig. 2.1.b), which is defined as
#n &
! c = sin "1 % 2 (
$ n1 '

(2.2)

If the incident angle !1 > ! c , light begins to reflect, rather than refract, at the interface
so that no light propagates into the medium with n 2 (Fig. 2. 1.c).
When total internal reflection occurs, under the continuum limit, the wave
vector along the z direction among the refracted electromagnetic waves becomes
imaginary at the interface and the light penetrates the interface (Wazawa and Ueda,
2005). The penetrated light, or evanescent wave, does not oscillate and the intensity
of the wave exponentially decreases from the interface (Axelrod, 2003; Gingell,
1981) following

I(z) = I(0)e!z / d

(2.3)

The depth of the evanescent wave, d, is the depth at which the intensity of the
evanescent wave decreases by a factor of 1/e. This characteristic distance depends on
the wavelength of light ( ! ), refractive indices of both media ( n1 and n2 ) and the
incident angle ( ! i ).
d=

$1/2
! 2
n1 sin # i $ n22 )
(
4"

Figure 2. 2. shows a schematic diagram of evanescent waves propagation at the
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(2.4)

Figure 2.2. Schematic diagram of an evanescent wave. The media beneath of the
interface has a higher refractive index, n1 , than that of the media above the interface,

n2 . The z axis indicates the propagation direction of the evanescent wave, whereas
the I axis denotes the interface and the intensity of the evanescent wave. When the
intensity decreases by a factor of 1/e , the depth of the evanescent wave is defined
(Eq. 2.3 and 2.4).
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interface.
2.1.2 Configurations of TIRFM
Two different configurations of TIRFM, prism- and objective-based, have
been developed and successfully applied to many fields, including the study of
interface dynamics in biology and physics. Schematic diagrams of both TIRFMs,
highlighting where total reflection occurs are shown in Figure 2.3 (see Fig. 3.1 for
overall microscope setup).

2.1.2.1 Prism-based TIRFM
For prism-based TIR (P-TIR), a prism is optically coupled to a cover glass via
glycerin (Fig. 2.3.a). A focused laser beam impinges through the prism and the cover
glass with an angle greater than a critical angle and is reflected at the interface of the
cover glass and water-based solution located in a sealed cover glass chamber. The
evanescent wave is then created in the solution medium with very small depth, d.
The fluorophores that interact with the evanescent wave emit fluorescence that are
collected through the objective located beneath of the sample chamber. Because the
excitation and detection paths do not share the same optics and optical axes, the
background resulting from autofluorescence of the cover glass, objective oil and
glycerin is significantly reduced. In addition, due to the freedom of changing the
incident angle (qc ~p/2), the depth of the evanescent wave can be easily varied over a
wide range. With a very small evanescent wave depth (e.g. ~100 nm, the background
signal can be further reduced thereby increasing the selectivity for interface
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dynamics. However, because the fluorescent signal must be collected through water
media via a high numerical aperture (NA) objective, the collection efficiency is
smaller than that of objective-based TIRFM (see below). Chapter 3 explains our
setup and in Chapters 4, 5 and 6, the applications of prism-based TIRFM are
explained in detail.

2.1.2.2 Objective-based TIRFM
An alternative configuration, known as objective-based TIRFM (O-TIR), is
possible using high NA objectives. Stout and Axelrod (1989) first introduced
prismless TIRFM using a 1.4 NA objective. Due to the very high NA (currently, 1.45
and 1.65 NA are available), the incident beam that travels through the objective can
have a sufficient angle to be totally reflected at the interface of the cover glass and
aqueous solution (Fig. 2. 3. b). The beam is focused at the back focal plane of the
objective so that the collimated beam reaches the interface and all rays comprising the
beam have the same incident angle. The cover glass and the objective lens are
optically coupled with objective oil in this case. The reflected beam is then redirected
through and the emitted fluorescence signals are colleted via the same objective.
Objective-based TIRFM provides several advantages, such as increased collection
efficiency of fluorescence photons due to the high NA objective. This efficiency is
further enhanced by the location of the evanescent wave, which causes the fluorescent
photons to travel only through the medium with high refractive index. In addition,
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Figure 2.3. Two configurations of TIRFM. (a) Prism-based TIRFM, in which
the evanescent wave is created at the interface of a cover glass attached to the
prism and the water based media between the cover slip chamber. (b) Objectivebased TIRFM, in which the evanescent wave is created at the interface of the
cover slip that is coupled with the objective through immersion oil and the water
based media.
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the geometry allows for various samples, including cell dishes. Disadvantages of
objective-based TIRFM, includes the use of expensive objectives and the specialized
cover glass and immersion oil for 1.65 NA objective and the reduced freedom in
varying evanescent wave depth, as compared to the prism-based TIRFM. In Chapter
3, the setup and application of objective-TIRFM is explained in greater detail.

2.2 Fluorescence correlation spectroscopy
FCS is one of the major biophysical techniques used to investigate dynamic
and kinetic properties of molecules in thermodynamic equilibrium based on the
fluctuation-dissipation theorem in statistical physics (Bialek and Setayeshgar, 2005).
It is an assumption that the thermal fluctuations of a system are closely related to an
external perturbation and its response properties can be linearly derived from the
fluctuation properties. In FCS, instead of providing perturbation to the system to
monitor the dynamic properties, the small fluctuations naturally originating from the
system’s thermal motions are measured. When the concentration of molecules is
extremely low, the changes in the number of molecules in the detection volume over
time are observed as the fluctuations. Natural fluctuations on the molecular level can
be detected using a small detection volume, which is achieved by overfilling the back
focal plane of a high NA objective with the excitation laser beam (Fig. 2.4). In
addition, the dramatically reduced detection volume (fL scale) has been possible from
early 1990s by adapting the confocal principle that the emission of molecules or
scattered light outside of the focal (Fig. 2.4.). Decreased detection volume
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Figure 2.4. Schematic diagram of the excitation and emission path of FCS. The
incident laser beam overfills the back aperture of the objective and creates a tight
focus at the sample plane. The out-of-focus signals are rejected by a pinhole
located in a plane conjugate to the focal plane.
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increases both the signal-to-noise ratio, and the spatial resolution.
2.2.1 Basic theory of FCS
A highly focused laser beam creates a three dimensional Gaussian excitation
volume at the sample plane (Fig. 2.5). The excitation volume is defined by

)+ # x 2 + y 2 z 2 & -+
I(x, y, z) = I 0 exp *!2 %
+ 2(. ,
2
" z ' +/
+, $ " xy

(2.5)

where I0 is the maximum intensity and ! xy and ! z are the lateral and axial 1/e 2 radius of the volume, respectively. The measured fluctuations in fluorescence
intensity are autocorrelated following (Hess et al., 2002; Kim and Schwille, 2003;
Thompson, 1991)
GD (! ) =

" F(t)" F(t + ! )
F(t)

2

,

(2.6)

where !F(t) = F(t) " F(t) , which is the deviation from the average fluorescence
intensity over time and ! denotes temporal averaging. The autocorrelation function,

GD (! ) , provides the self-similarity of fluorescence fluctuations, F(t) (Elson and
Magde, 1974; Fradin et al., 2003; Magde et al., 1974).
To extract dynamic information, such as diffusion time, an analytical model
must be derived. For fluorescence fluctuations due to diffusion only, the correlation
function can be written in terms of the diffusion time, ! D , of a molecule (Elson and
Magde, 1974; Fradin et al., 2003; Magde et al., 1974) as
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Figure 2.5. Molecular diffusion in and out of the detection volume. When
molecules diffuse only inside the detection volume (bold circles) the fluorescent
photons from the molecules are detected. Molecules outside detection volume
(open circles) does not fluoresce. The dimension of the confocal volume is
defined by ωxy and ωz.
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GD (! ) =

1
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"
2
N #1 + (! / ! D ) % #1 + (1 / ' 0 )(! / ! D )" %1/2
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(2.7)

where

N = Veff C , Veff = ! 3 / 2" xy2 " z , ! D = " xy2 /4D , ! 0 = ! z / ! xy .

(2.8)

N is the average number of molecules in the open observation volume of the threedimensional Gaussian volume element, Veff is the effective detection volume and D is
the diffusion coefficient. The anomalous exponent ξ is unity for a conventional
Brownian motion and <1 for restricted non-Brownian motion (i.e., anomalous
diffusion) (Sheets et al., 1997). Due to molecules’ Poissonian distribution, resulting
from random diffusion in a given volume at any time, the correlation amplitude,

GD ( 0 ) , is inversely proportional to the average number of molecules inside the
detection volume. Because GD (! ) consists of any fluctuations from the system,
dynamics on different time scales can be monitored by FCS using

GD (! ) =

1 m
Fi
,
'
N i =1 "1 + (! / ! Di ) $ "1 + (1 / & 2 )(! / ! Di ) $1/2
#
% #
%

(2.9)

where Fi is the fractional weighting factor for each diffusive species with different
time scales and m indicates the total number of species.
When the molecular dynamics are restricted to a plane (Fig.2.6.a), the
autocorrelation functions are analytically expressed as (Hess et al., 2002; Kim and
Schwille, 2003; Thompson, 1991; Wawrezinieck et al., 2005)
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GD (! ) =

1
1
,
N "#1 + (! / ! 2 D ) $%

(2.10)

where ! 2D denotes the diffusion time of molecules in two-dimensional space. In
addition, for molecular diffusion in a cylindrical space that has a smaller radius, dy ,
than ! xy (Fig. 2.6.b), the analytical expression of G(! ) is (Gennerich and Schild,
2000; Gennerich and Schild, 2002)
1
gx (! )gy (! ) ,
N

GD (! ) =

(2.11)

where gx (! ) and gy (! ) denote the diffusions in x and y directions, respectively. The
diffusion along the z-axis is negligible due to r << ! z . gx (! ) and gy (! ) are given by

gx (! ) =

1
1/ 2
(1+ ! / ! d )

(2.12)

and
gy (! ) =

"
Y

$ $ Y erf (Y )
' exp[#k(Y )(" /Y 2 )! / ! d ] '
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(
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(

(2.13)

with

[

k(Y ) = 0.689 + 0.34 exp !0.37(Y ! 0.5)

2

],

(2.14)

Y is a confinement parameter that is defined by the ratio of the cylinder’s radius to
the radius of the detection volume. Chapter 3 explains the setup and utilization of
FCS in our custom designed microscope in detail. The experimental combination of
TIR and FCS are described in Chapters 4 and 5.
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Figure 2.6. Molecular diffusion in limited dimensional spaces. (a) Molecules
move in a plane with the absence of diffusion along the z-axis. (b) Molecules
diffuse in a cylindrical space. The motions along y-axis are suppressed by the
smaller radius of the cylinder and the motions along z-axis are negligible due to

dy << ! z .
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2.3 Single particle tracking
Nanometer-scale particle tracking has been employed to interpret diverse
dynamics in biology, such as the diffusion of proteins and lipids in cellular
membranes (cf. Chapter. 1.3.2.), cell motility (Soo and Theriot, 2005) and molecular
motor step displacements (Yildiz et al., 2003; Yildiz et al., 2004). Several tracking
algorithms that automatically obtain the trajectories of a particle have been used to
analyze the trajectories of single particles from a series of image frames. For
example, the center of mass (centroid) method applies a threshold to the image and
then calculates the energy center of the region of interest (Ghosh and Webb, 1994;
Lee et al., 1991; Sheets et al., 1997). Direct Gaussian fits to the intensity distribution
of an object have been used (Anderson et al., 1992; Schütz et al., 1997; Yildiz et al.,
2003; Yildiz et al., 2004). When the diameter of the particle is bigger than the
wavelength of illumination, cross-correlation provides the best performance (Gelles et
al., 1988; Kagawa and Tsuchiya, 2003; Sheets et al., 1997). In addition, the sumabsolute difference algorithm determines the amount of translation of a particle by
minimizing the sum of absolute differences (Bohs et al., 1993).

2.3.1 Different modes of diffusion by SPT
The mean square displacement,

(!r)

2

can be calculated from measured

trajectories to characterize the mode of diffusion by

( !r )2

=

( xi +b " xi )2 + ( yi +b " yi )2
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,

(2.15)

where ( x i+n , y i+n ) denotes the particle position upon a time interval, !t and b
describes the number of image frames. Under the assumption that a particle
undergoes isotropic and unhindered translational Brownian diffusion in two
dimensional space, the movements of a particle can be described by the mean squared
displacement,

(!r)

2

and the lag time, !t , which are related to the diffusion

coefficient

(!r)

2

= 4D!t .

(2.16)

Different types of particle movements can be characterized by analyzing the mean
squared displacement (Saxton and Jacobson, 1997). For a particle experiencing
anomalous diffusion, the mean squared displacement is proportional to some power
of time less than 1,

( !r )2

= 4D!t " ,

(2.17)

where ξ is the anomalous exponent. A small ξ value indicates increased deviation of
a particle’s diffusion from Brownian motion. Possible mechanisms for anomalous
diffusion in cellular membranes include protein-protein and protein-lipid binding
interactions and obstructions by immobile and mobile proteins or lipid heterogeneities
in the cell membrane (Cherry et al., 1998; Feder et al., 1996; Saxton, 1996). When a
particle is directly transported, due to carrier diffusion or drift, an additional term
modifies the mean squared displacement (Saxton and Jacobson, 1997),

(!r)

2

= 4D!t + (V!t ) ,
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(2.18)

where V is the velocity of the particle. The experimental detail, method and
representative results of SPT are described in Chapter 3.

2.4 Optical trapping
When tightly focused light interacts with an object, gradient and scattering
forces are exerted upon the object. The object can be trapped near the focus if the
gradient force, which draws the object toward the focal spot, is larger than the
scattering force, which pushes the objective along the optical axis. To understand
particle manipulation using light, two different theoretical descriptions can be applied
depending on the relative size of the particles as compared to the wavelength of the
light. If the particle size is significantly larger than the wavelength, the ray optics
regime is applied to explain the propagation of light as rays that can refract or reflect
at the interface of two different media having two different refractive indices. In the
Rayleigh regime, where the particle size is smaller than the wavelength,
electromagnetic theory is used to interpret the interaction of light with particles. In
the following sections, theoretical approaches of optical trapping at each regime will
be explained.

2.4.1 Ray optics regime
Light can exert forces on materials because photons have momentum, pm ,
which is proportional to energy E = pm c , where c is the velocity of light
propagation. When photons interact with a dielectric particle, photons undergo a
momentum change. Due to the principle of momentum conservation, the particle is
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moved in the opposite direction of the photons’ momentum change, with same
amplitude that is created while they interact and the optical forces can be expressed as
Foptical ! force =

QnmW
,
c

(2.19)

where Q is the efficiency of an optical trap, n m is the refractive index of the
surrounding medium and W is the power of the laser beam.
The efficiency of an optical trap is determined by the relationship between
scattering and gradient forces. Figure 2.7 shows the qualitative ray-optics diagram of
a single beam trap. The Gaussian laser beam results in different powers of ray 1 and
ray 2, which are located at different lateral positions within the beam. The change of
the particle momentum resulting from interaction with ray 1 is greater than that for
ray 2 (Fig. 2.7.a). Fgradient denotes the total gradient force from ray 1 and ray 2,
indicating that the particle is drawn to the focus of the beam by the Fgradient . When the
particle is interacting with the focused laser beam downstream from the focus (Fig.
2.7.b.), the total gradient force, having the opposite direction of the scattering force,
guides the particle toward the focus.
Ashkin (1992) derived the quantitative optical forces for both the scattering
and gradient forces. The scattering force is expressed as

Fscattering =

n mW !
Qscattering
c
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(2.20)

Figure 2.7. Optical trapping in the ray optics regime. (a) The particle is
initially away from the illumination axis. Because the momentum change of
rays in center of the beam is greater than for rays in the periphery, gradient
forces direct the particle toward the highest intensity of the beam. (b) The
particle is initially at the downstream from the focus of the beam. The sum of
the momentum changes of the rays pushes the particle toward the focus. In all
cases, the scattering force pushes the particle in the same direction as the
illumination.
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with
!

Q scattering =

nmW
c
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and the gradient force is given by

n mW !
Qgradient
c

(2.22)

!
nmW %
2 sin(2" # 2$ r ) + Rsin 2" (
i ,
& Rsin 2" # Ta
)
c '
1 + R 2 + 2R cos 2$r *

(2.23)

Fgradient =
with
!

Q gradient =

where R and Ta are the Fresnel reflection and refraction coefficients (Svoboda and
Block, 1994), ! is the incident angle and !r is the refraction angle of the ray. The
amplitude of optical force of a single ray with W on the dielectric particle is

Fsingle ray =

1/ 2
n mW 2
2
Qgradient + Qscattering
.
(
)
c

(2.24)

All rays comprising the beam should be summed to obtain Ftotal . A stable optical trap
can be achieved by increasing the laser power, increasing the difference ( n1 ! n 2 )
between the refractive indices of the particle ( n1 ) and the surrounding media ( n 2 ) and
slightly overfilling the back focal aperture of the objective with a beam whose
diameter is defined within an intensity distribution of 1/e 2 .

2.4.2 Rayleigh regime
Most biological applications of optical trapping fall in the Rayleigh regime
( R0 << ! ; R0 is the particle radius) (Edidin et al., 1994; Ritchie and Kusumi, 2004)
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and this is also the case for the work presented in Chapters 3 and 4. Because particles
are much smaller than the laser wavelength, the wavefront of light is negligibly
perturbed and the ray optics descriptions, such as refraction and reflection, can be
ignored. In the Rayleigh regime, the dielectric particle is treated as a point dipole,
and the gradient and scattering forces are calculated by electromagnetic law (Neuman
and Block, 2004; Svoboda and Block, 1994). The scattering force is the result of a
dipole absorbing and isotropically emitting the incident light. Because the sum of
isotropic emission has no direction, the net force at the dipole arises from the
absorption in the same direction as the incident beam.

Fscattering =

n mW
!
c

(2.25)

with
2

128" 5 R0 6 % l 2 $ 1 (
!=
,
3# 4 '& l 2 + 2 *)

(2.26)

where ! is the scattering cross section of the particle and l is the ratio of the
refractive indices for the particle and the surrounding medium ( n1 /n 2 ) . The timeaveraged gradient force directed to the focus of the laser beam is due to the
interaction of the particle with the electromagnetic field and given by,

Fgradient =
with the polarizability of the particle,
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2! q
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(2.27)

Figure 2.8. Optical trapping in the Rayleigh regime. The gradient force
guides the beam toward the focus from all directions, while the scattering
force pushes the particle in the same direction as the illumination.
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(2.28)

The gradient force is proportional to the polarizability and the intensity gradient. An
illustration of optical trapping of the small particle is shown in Figure 2.8. Chapters
3 and 4 describe our experimental setup and applications.

2.5 Holographic optical trapping
Researchers have developed several techniques to manipulate a number of
microscopic objects using light (cf. Chapter 1.3.3.). Figure 2.9.a shows the simple
principle of multiple traps, which is exploit many beams with different incident
angles to create multiple foci in the sample plane. By modulating the wavefront of a
laser beam, we can increase the number of traps that can be made with a single laser
beam (Fig. 2.9 b) (Grier, 2003). A hologram tailors the wavefront of the beam at a
plane conjugate to the back focal aperture of the objective. Using a SLM, rather than
fixed diffraction optical elements, we can control the individual traps in real time. An
iterative algorithm calculates the sequence of holograms that are projected to a
computer-controlled spatial light modulator (SLM) (Grier, 2003). In this section, the
basic theory of HOT and Fourier optics will be introduced.
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Figure 2.9. Producing multiple foci. (a) Multiple incident beams that have
different incident angles create multiple foci by passing through a lens.
(b) A beam whose wavefront is shaped by a spatial light modulator creates
multiple foci by passing through the same lens.
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2.5.1 Fourier optics for HOT
A laser beam with Gaussian intensity distribution passes through a lens to
creates a focus at the focal plane. This process is related to a Fourier transform
because the electric field at the back focal plane and the other electric field at the
focal plane of the lens are a Fourier pair of each other (Fig. 2.10). The initial electric
field is given by

[

]

E in ( ! ) = A in ( ! )exp i" in ( ! ) ,

(2.29)

where A in ( ! ) and ! in ( " ) are the real-valued amplitude and phase of the initial
electric field, respectively. The final electric field at the focal plane is expressed with

A f (r) and ! f (r) , the real-valued amplitude and phase of the final electric field, as

[

]

E f (r) = A f (r)exp i! f (r) .

(2.30)

This field can be described as Fourier transformed E in ( ! ) with a phase modulation,
!
! (r ) , due to the geometry of the lens, as

E f (r) =

[

k
exp(i" (r)) $ d 2 # E in ( #)exp %ik # & r / f
2!f

{

]

}

(2.31)

= F E (#) ,
in

where k is the wavenumber of incident light and f is the focal length of the lens.
Therefore, if the initial electric field is interfered by a diffractive optical element at the
back focal plane of the lens, thus creating a new initial electric field that is
mathematically known, one can calculate the final electric field at the focal plane. In
addition, if the final electric field is known, the initial field can be obtained via inverse
Fourier transform as
45

Figure 2.10. Fourier optics in holographic optical trapping. A lens acts as a
Fourier transformer. At the back focal plane, the input beam (initial beam),
which is produced by modulating the original beam with the SLM, is a Fourier
pair of the final beam at the focal plane. By generating the phase distribution of
the input beam using the adaptive-additive algorithm, it is possible to create
three dimensional trap arrays (shown in gray planes).
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(r) .

Thus, if we mathematically define an optical array at the focal plane, we can,
in theory, calculate the initial electric field. By interacting the beam with a hologram
that has a desired diffraction pattern, the calculated initial electric field can be
obtained. An optical array at the focal plane can be defined as an intensity
distribution of illumination, I f (r) which is related to the final electric field as
I f (r, t) ! E f (r, t) " E f (r, t)* = A f (r) 2 .

(2.33)

Based on this relationship, the term from the lens, exp(i! (r)) , is canceled out such
that the geometry of any particular lens does not alter the intensity distribution of the
beam at the focal plane. The input electric field can be shaped to create multiple foci
by modulating the amplitude and phase of the beam. However, altering the amplitude
decreases the total intensity of the illumination and thus the trap efficiencies. In
addition, unnecessarily heat at a diffractive optical element is generated. The phase
of the electric field at the focal plane, ! f (r) does not affects the intensity distribution,

I f (r) , for the same reason that the lens geometry has no effect. In this sense, phaseonly modulation of the input beam indeed provides the most suitable way to have
stable multiple traps (Soifer et al., 1997). Finally, the correct calculations of ! in (r)
provide the desired optical trap array at the focal plane. Because direct calculation of

! in (r) is possible only for the simplest trapping and in most cases we cannot obtain
analytical solutions, iterative numerical techniques such as the adaptive-additive
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algorithm (Durfresne and Grier, 1998; Durfresne et al., 2001; Soifer et al., 1997) have
been used to obtain ! in (r) . Such techniques search the initial phase distribution at
the back focal plane of the objective, creating the desired optical trapping arrays at
the focal plane of the objective by reducing the difference between the calculated and
desired trap arrays. The detailed setup and representative result for HOT is described
in Chapter 3.
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III. A versatile multi-mode microscope to probe and manipulate
nanoparticles and biomolecules
This Chapter describes a flexible, multifaceted optical setup that allows
quantitative measurement and manipulation of biomolecules and nanoparticles in
biomimetic and cellular systems. We have implemented integrated biophotonics
techniques (i.e., differential interference contrast, wide-field fluorescence, prism- and
objective-based total internal reflection (TIR) excitation, single particle tracking
(SPT), fluorescence correlation spectroscopy (FCS) and dynamic holographic optical
trapping (HOT) on a single platform. The adaptability of this versatile, customdesigned system allows us to simultaneously monitor cell morphology, while
measuring lateral diffusion of biomolecules or controlling their cellular location or
interaction partners. This work was done in collaboration with Kayode Karunwi who
provided assistance with HOT programming.

3.1 Introduction
Fluorescence-based techniques provide a noninvasive approach for in-depth
understanding of the complex nature of biomolecular kinetics and cellular processes,
which span a broad range of spatial and temporal scales. However, conventional
methods are usually optimized to provide a small slice of information over a narrow
range of space and time. These highly specialized tools are, therefore, not well-suited
for multidimensional and complementary information underlying the inherent
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complexity in biological systems (Giepmans et al., 2006; Presley, 2005; Xie et al.,
2006).
Here I describe a versatile, multifaceted system that allows us to measure and
manipulate molecular dynamics and their interactions in biomimetic and live cell
systems. This approach incorporates a custom-designed integration of conventional
differential interference contrast (DIC) and wide-field epi-fluorescence microscopy
with quantitative laser-based epi- and TIR fluorescence microscopy (Axelrod, 2001;
Axelrod, 2003; Schneckenburger, 2005), FCS (Hess et al., 2002; Kim and Schwille,
2003) and SPT (Kusumi et al., 2005a; Saxton and Jacobson, 1997; Sheets et al.,
1997). Dynamic HOT (Curtis et al., 2002; Melville et al., 2003) allows us to
manipulate nanoparticles noninvasively while using the other modalities. Detection
is achieved using a charge coupled device (CCD) detector for imaging or a singlephoton counting photomultiplier tube (PMT) for spectroscopic dynamic
measurements. This multifaceted system allows us to simultaneously monitor cell
morphology with molecular interactions and their dynamics associated with cellular
processes. In this Chapter, I describe our system in detail and highlight various
aspects of this versatile system with proof-of-concept experiments.
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3.2 Method: Integrated biophotonics in a single platform
3.2.1 Microscope
A multifunctional microscope system based on a Nikon TE2000U inverted
microscope was built. The Nikon TE2000U inverted microscope was specifically
selected because it has several input and exit ports for simultaneous DIC and widefield fluorescence, optical trapping, prism- and objective-based TIR and conventional
epi-illumination (Fig. 3.1). Importantly, we take advantage of the infinity space
available on the Nikon TE2000 by raising the stage and allowing additional light
paths to be introduced via a custom-designed mount (Fig. 3.2). Our system allows
simultaneous CCD (Photometrics CoolSnap HQ) and photomultiplier tube (PMT;
Hamamatsu GaAsP single-photon counting PMT, H7421 series) acquisition via a
multi-image module (Nikon). The Dual-View (Optical Insights) aperture imaging
device between the microscope and the CCD detector separates parallel and
perpendicular fluorescence emission into two spatially identical, but spectrally
distinct, images of the sample that are simultaneously created on the CCD for steadystate anisotropy imaging, or with appropriate introduction of dichroic and emission
filters for dual-color imaging. Excitation and emission filterwheels, motorized x-y
stage and z-focus (Ludl Electronic Products) are controlled either manually or by
computer via a MAC5000 controller (Ludl Electronic Products). ISee Imaging
software is used for acquisition (CCD, TTL, stage and filterwheel control) and
analysis (SPT, Förster resonance energy transfer, other image analysis routines).
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Figure 3.1. Multimode microscope for quantitative microscopy and spectroscopy.
(a) The epi-fluorescence path and detector paths. Excitation is provided by a Hg arc
lamp or by laser (argon ion, 543 nm, 594 nm and 633 nm HeNe lasers) that
illuminate the specimen wide-field or with a diffraction-limited focused laser beam.
Differential interference contrast (DIC) (not shown) can also be used quasisimultaneously (with sequential exposure). The Dual-View (Optical Insights)
aperture imaging device between the microscope and the CCD detector separates
fluorescence emission into two spatially identical, but spectrally distinct, images of
the sample that are simultaneously created on the CCD. Photon-counting GaAsP
photomultiplier tubes (PMTs) are used for dynamic spectroscopic measurements
with 200 ns temporal resolution. (b) & (c) The total internal reflection (TIR), or
evanescent, excitation paths. We can simultaneously excite with TIR and epiillumination (see Table 1). (b) Prism-based TIR. The prism is optically coupled to
the glass slide with glycerol. (c) Objective-based TIR. The laser is introduced in a
plane parallel to the epi path, via the custom infinity space mount. (d) Holographic
optical trap. This path is introduced parallel to the epi-path (and precludes
simultaneous use of objective-TIR) using a double dovetail adaptor for the custom
infinity space mount. The continuous wave (cw) Ti:sapphire (Ti:S) laser is reflected
off of a spatial light modulator to form the Fourier transform of the desired trap
pattern—shown here as two paths, coming to two foci at the specimen plane). (e)
Image of the multi-mode microscope. The blue line shows the argon laser pumping
the Ti:S laser; the red line shows the optical trapping path. The green line shows the
prism-based TIR path, whereas the olive green line depicts the objective-based TIR
path. Epi-illumination is shown by the yellow line and the purple line shows the
path traveled to the detectors. The HeNe paths are not shown for clarity. L, lens; M,
mirror; Mp, periscope mirror; FM, flippable mirror; BS, beamsplitter; FW, filter
wheel; DM, dichroic mirror; P, pinhole.
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Figure 3.2. Custom infinity-space
mount. (a) The mount holds a Nikon
filter cube, which contains an
appropriate dichroic mirror to reflect
laser illumination for objective-based
TIR. (b) The mount with the double
dovetail adaptor, which holds a filter
cube used for HOT. The laser paths for
TIR and optical trapping are depicted
by arrows (a,b). (c), (d) Side and top
views of the double dovetail adaptor,
respectively.
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Temperature control of samples is achieved using a Bioptechs objective heater.
3.2.2 Multiple excitation pathways for epi- and TIR microscopy
Fluorescence excitation is provided with a mercury arc lamp, an argon ion
laser (Coherent Innova 90-6 6 W), or one of three HeNe lasers (543 nm, 594 nm and
633 nm lines, Meredith Instruments) (Fig. 3.1.a). Samples can be illuminated either
through conventional epi-illumination (via mercury arc lamp or laser excitation), or
an evanescent field (via laser illumination), which extends ~100 nm beyond the
solution/substrate interface. Individual wavelengths from the multi-line argon laser
are selected using appropriate filters (z488/10, z514/10 and z488/514, Chroma
Technology). Neutral density filter sets and a beam expander (5×) are used for
controlling beam intensity and diameter and laser shutters (LS shutter series) are
controlled manually or electronically through TTL control of the VMM-D1 controller
(Vincent Associates). The polarization of the laser excitation lines can be varied
using a Berek polarization compensator (New Focus). The evanescent field is
generated using total internal reflection (TIR) of a laser beam in either the prism or
objective configurations (Fig. 3.1.b and c).
A strategically placed beam splitter (50/50) allows for simultaneous Hg arc
lamp and laser epi-illumination. Lenses are used to create a focused laser beam at the
back aperture of the objective for spot measurements (e.g., fluorescence correlation
spectroscopy); alternatively, we use appropriate lenses to illuminate the sample with
wide-field laser excitation. For prism-based TIR (Fig. 3.1.b), the laser is positioned
with a periscope that has its upper mirror fixed at a height which allows the laser to
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impinge at the interface of solution and substrate at an incident angle θ greater than
the critical angle. The beam then enters a focusing lens (f = 100 mm) located on a
combined x,y,z translation and rotation stage. Through appropriate adjustment of the
upper periscope mirror and focusing lens, the converging beam passes through a 0.5
inch fused silica cube that is optically coupled, with glycerol, to a glass substrate
(Axelrod, 2001). When the incident angle of the focused laser is greater than the
critical angle (61.2°) for the glass/water interface, an evanescent field propagates
exponentially into the solution to selectively excite fluorophores within ~75 nm of the
substrate (for an incident angle of ~70.2°) (Axelrod, 2001; Schneckenburger, 2005),
where the depth of the evanescent field is calculated as Eq.2.4 (Axelrod, 2001).
Because of the availability of different excitation ports and dichroic mirrors, prismbased TIR can also be performed simultaneously with FCS and HOT, as described
below.
For objective-based TIR (Fig. 3.1.c), the laser is introduced to the back focal
plane of the objective off-axis, via a dichroic mirror that is mounted in the infinity
space (Fig. 3.2.a) (Axelrod, 2001; Axelrod, 2003). The laser is expanded using a
converging lens (f = 60 mm) to increase the illuminated region and raised with a
periscope to the proper height to be reflected by the dichroic mirror. A second
converging lens (f = 200 mm), located conjugate to the sample plane, allows
translation of the laser along the x- and y-axes, thus enabling adjustment of the TIR
angle while maintaining the on-axis position of the evanescent spot in the center of
the objective. The beam is then reflected by the dichroic mirror and focused on the
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edge of the back focal plane (off-axis) of the objective (Nikon CFI Plan Apo TIRF
100×, 1.45 NA). Finally, the emerging beam is collimated and reflected from the
interface of the sample medium and the cover glass, which is optically coupled to the
objective with immersion oil.

3.2.3 Fluorescence correlation spectroscopy
For confocal FCS, a focused laser spot is introduced through the epi-port of
the microscope and projected onto the sample by overfilling the back focal plane of a
Nikon CFI PlanApo 60× 1.2 NA objective with a collimated beam (Fig. 3.1.a).
Typical excitation powers range from 4.4–30 µW at the sample plane to minimize
triplet state photoconversion, saturation and photobleaching of the fluorophores. For
exciting diI-C16 molecules and collecting their fluorescence signals, 560 DRLP
dichroic mirror (Chroma, Rockingham, VT) was used and 565 ALP (Chroma,
Rockingham, VT) further reduced the scattering lights. A pinhole (25, 50 or 100 µm
diameter) is placed immediately in front of a GaAsP PMT (Hamamatsu H7421-40) in
a plane conjugate to the sample (Fig. 3.1.a) to confine the detection volume. The x-y
position of the pinhole is adjusted using a custom mount to maximize the photon
count rate. Single photons from 300–720 nm are detected by the GaAsP PMT with
high quantum efficiency. The fluctuations in fluorescence intensity are counted in
reciprocal counter mode and autocorrelated with the proper time interval by a USB
correlator (Flex02-12D, Correlator.com) or a PCI bus correlator board (M9003,
Hamamatsu) in a Pentium class Windows XP PC. On any given day of FCS
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experiments, the structure parameter ωo is determined using 0.1–1 nM rhodamine
green (D = 2.8 × 10–6 cm2/s) in water (Heikal et al., 2000, and references therein).
The calculated autocorrelation function, G(τ), in FCS is given by Eq.2.6.
(Hess et al., 2002; Kim and Schwille, 2003; Thompson, 1991). For fluorescence
fluctuations due to diffusion only, the correlation function can be written in terms of
the diffusion time τD of a molecule in Eq.2.7. (Elson and Magde, 1974; Fradin et al.,
2003; Magde et al., 1974). For our setup

an axial-to-lateral dimension ratio ω

~7.6 was obtained. The autocorrelation function describing translational diffusion in
two-dimensional structures (e.g., biomembranes) can be further simplified
(Wawrezinieck et al., 2005) (as Eq.2.10). Depending on the experiment, the data are
fit with IgorPro (WaveMetrics) for two- or three-dimensional diffusion (Gennerich
and Schild, 2000), or anomalous diffusion (Schwille et al., 1999), as necessary and
the goodness-of-fit is judged by the residual and χ2. Note that the FCS experiments
described in this Chapter were carried out at room temperature (~25°C). We can also
combine FCS with TIR excitation to follow the dynamics of fluorescent particles
(Nile red sulfate polystyrene beads, 84 nm Ø, Invitrogen) that are diffusing close to
the surface (Kyoung and Sheets, 2006). Diffusion measured with TIR-FCS are fit
following Hassler et al. (2005a) and Starr & Thompson (2001) (Eq.4.3).

3.2.4 Positional precision measurements
SPT allows us to monitor the precise position of a single particle as a function
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of time to provide accurate measurements of its diffusion coefficient as well as modes
of transport (Kusumi et al., 2005a; Saxton and Jacobson, 1997; Sheets et al., 1997).
To determine positional precision for SPT experiments, we used fluorescent 0.17 µm
Ø polystyrene nanospheres (PS-Speck 505/515, Invitrogen) that were embedded in
10% polyacrylamide and recorded 100 s time series of images using the CCD. The
positions of the beads were determined using the Nanotrack package of ISee Imaging,
which calculates the centroid position with an adaptive center-of-mass algorithm. By
analyzing the point-spread function of the immobilized nanospheres (n = 27 particles;
Δt = 0.5 s between frames), we found that the precision of our imaging system is 1.5
nm and 1.4 nm for the x- and y-axes, respectively, indicating that our multi-modal
system is stable and capable of nanometer tracking.

3.2.5 Holographic optical trapping
Dynamic HOT can create many traps in user-defined patterns from a single
trapping laser, using a computer-controlled spatial light modulator (Fig. 3.1.d,Curtis
et al., 2002; Leach et al., 2006; Melville et al., 2003). The individual traps can be
uniquely and individually controlled, in real-time, to manipulate particles within any
given pattern. An argon ion laser is used to pump a cw Ti:sapphire laser (899-01,
Coherent) to produce an infrared output beam (700–830 nm range) whose radial
intensity distribution is a Gaussian TEM00. The beam is shaped by a spatial filter to
create a clean, collimated Gaussian beam with a diameter that fills the liquid crystal
display of a spatial light modulator (SLM; Hamamatsu PPM X8267), onto which
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holograms, calculated and generated using an adaptive-additive algorithm in
LabVIEW (Leach et al., 2006), are projected. Because the SLM is located in a plane
conjugate to the back focal plane of the objective, the holograms are thus essentially
Fourier transforms of the desired trapping pattern at the image plane. For the HOT,
we modulate the phase of the electric field to achieve maximum trapping efficiency
for the particles of interest. The beam is then projected onto the back focal plane of
the objective (Nikon CFI Plan Apo IR 60×, 1.40 NA) by a dichroic mirror located on
the custom-designed infinity-space mount (Fig. 3.2.b) and finally creates many
dynamic foci at the sample plane (Fig. 3.1.d). The spring constant for the trap,
calibrated using 40 mW output power and 0.8 µm Ø silica particles (Bangs
Laboratory) suspended in water, was calculated from the mean squared displacement
of the trapped particles using the equipartition theorem (Korda, 2002). Additional IR
filters in the detection path block scattered light from the trapping beam from entering
the PMT for combined HOT/FCS experiments.

3.2.6 Cells
RBL-2H3 mast cells and C3H 10T½ fibroblasts were maintained as described
previously (Sheets et al., 1999a; Sheets et al., 1997). The day prior to an experiment,
cells were plated into 35 mm MatTek dishes at an appropriate density to yield single
cells. For TIR studies (shown in Fig. 3.3), C3H 10T½ fibroblasts were fixed with
3.7% formaldehyde, permeablized with 0.2% ice cold Triton X-100 and subsequently
labeled with 1 U of AlexaFluor 488-phalloidin (Invitrogen) for 20 min at room
60

temperature. After exhaustive rinsing with phosphate-buffered saline (PBS: 150 mM
sodium chloride, 10 mM sodium phosphate, pH 7.4, 1.0 mM EDTA), the cells were
imaged using epi- and TIR excitation. For FCS experiments on live RBL cells (Fig.
3.4), cells were incubated for 30 s at room temperature with 5 µg/mL 1,1’dihexadecyl-3,3,3’,3’-tetramethylindocarbocyanine (diI-C16; Invitrogen), which was
prepared as a 0.2 mg/mL stock solution in dimethylsulfoxide, exhaustively rinsed
with buffered saline solution (BBS: 135 mM sodium chloride, 5.0 mM potassium
chloride, 1.0 mM magnesium chloride, 1.8 mM calcium chloride, 5.6 mM glucose, 20
mM HEPES, pH 7.4, 1 mg/mL bovine serum albumin) and immediately used for
imaging and FCS experiments.

3.2.7 Supported planar membranes
The day prior to a FCS or SPT experiment, small unilamellar vesicles (SUVs)
were formed as described previously (Pearce et al., 1992). Chloroform solutions of
lipids (Avanti Polar Lipids) at a desired composition (e.g., 1 mol% biotinylated 1,2dipalmitoyl-sn-glycerol-3-phosphoethanolamine [b-DPPE] in 1-palmitoyl-2-oleoylsn-glycerol-3-phosphocholine [POPC]) were added to a KOH cleaned test tube and
dried under nitrogen, resuspended in 50 mM Tris, pH 7.4, 100 mM sodium chloride
(TBS), probe sonicated until clarified and subjected to ultracentrifugation (Airfuge,
30 psi, 1 h). The top quarter of the supernatant was collected, stored overnight at
room temperature and used within 24 h. On the day of an experiment, the SUV
solution was applied to a sandwich, made of a detergent-cleaned 3” × 1” glass slide
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and a 22 mm × 22 mm glass coverslip that were cleaned in an argon plasma
immediately before application of the SUV suspension. SUVs spontaneously fuse to
form uniform lipid bilayers. After a 30 min incubation in a humidified chamber,
samples were exhaustively rinsed with TBS to remove unfused vesicles and the 22
mm × 22 mm glass coverslip was transferred to a fresh 3” × 1” glass slide under TBS
to minimize out-of-focus fluorescence resulting from epi-illumination. POPC
bilayers containing ± 5 × 10–3 mol% (FCS) or ± 1 mol% (SPT) b-DPPE were then
incubated with 100 µL of 20 pM (SPT) or 1 nM (SPT and FCS) streptavidinconjugated quantum dots (sAv-QD525, 525 nm emission maximum; Invitrogen) in a
humidified chamber for 15 min. Samples were exhaustively rinsed with TBS to
remove unbound QDs and then sealed with VALAP (Vaseline:lanolin:paraffin [2:1:1,
wt/wt]). Measurements on bilayers were carried out immediately. sAv-QD525 did
not bind to POPC in the absence of b-DPPE, thus demonstrating binding specificity.

3.3 Results and Discussion
We constructed a versatile system that allows us to combine several
microscopic and spectroscopic modalities for simultaneous manipulation and
measurement of nanoparticles and biomolecules in biomimetic and living cell
systems. Figure 3.1 depicts a schematic of our multimodal system and Table 3.1
shows combinations of techniques that we can perform simultaneously. Central to
our strategy are the additional entrance paths made possible by raising the stage and
taking advantage of the infinity space of the Nikon TE2000U microscope stand. We
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designed a multifaceted mount (Fig. 3.2.a) that allows a filter cube containing only an
appropriate dichroic mirror to be introduced for reflecting the laser used for objectivebased TIR excitation, while allowing other imaging modalities (e.g., DIC, epiillumination). By inserting a double dovetail adaptor into the mount (Fig. 3.2.b–d)
and using an appropriate filter cube that contains a dichroic that reflects >750 nm and
transmits <750 nm, we introduce the trapping laser in a plane that is parallel to the
epi-illumination path, yet does not interfere with DIC, epi- and prism-based TIR
excitation.

3.3.1 TIR illumination provides enhanced signal to noise for cell morphology
and surface nanostructures
To follow the dynamics of molecules within ~100 nm of a solution/substrate
interface, we take advantage of evanescent excitation in either the prism or objective
configurations, while allowing rapid switching to DIC or epi-illumination for
imaging, or dynamic HOT for manipulation, using computer-controlled shutters. We
added both configurations for evanescent illumination for maximal flexibility in
experimental design. The prism configuration provides a well-defined evanescent
field for quantitative binding and kinetic studies, whereas the objective configuration
allows the use of Petri dishes and easy introduction of solutions to an open system for
live cell studies. Figure 3.3 shows representative epi- and TIR images of a C3H
fibroblast whose filamentous actin has been labeled specifically with fluorescent
phalloidin. The focal adhesions located at the termini of F-actin bundles (Fig. 3.3.b)
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Table 3.1. Combinations of illumination and measurements possible in the multimode microscope.*
illumination

DIC/epi-fluorescence

complementary illumination

objective-based TIR

prism-based TIR

molecular dynamics

FCS

FCS

complementary dynamics

SPT

SPT

manipulation

HOT

* DIC and epi-illumination are available for all possible combinations of experiments.
Each sub-column represents an experimental combination that can be used
simultaneously.
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Figure 3.3. Representative images of fluorescently labeled F-actin in a C3H
10T½ fibroblast using epi- and evanescent excitation. (a) C3H fibroblast labeled
with AlexaFluor 488-phalloidin is excited using wide-field epi-illumination.
Filamentous actin bundles and cortical actin are shown. (b) The same field-ofview is illuminated with evanescent excitation (λex = 488 nm), using TIR in the
objective configuration. Filamentous actin in focal adhesions near the substratum
is selectively excited. Bar, 10 µm.
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are readily apparent using evanescent excitation, whereas filamentous actin
throughout the cell is imaged using conventional epi-excitation (Fig. 3. 3.a). These
representative images are consistent with Burmeister et al. (1998). To enhance our
spatial resolution further, we are currently in the process of implementing
deconvolution algorithms to our image analyses.

3.3.2 FCS and SPT probe lateral diffusion of single molecules on
biomembranes in different temporal and spatial resolution
Although fluorescence correlation spectroscopy has been around since the
early 1970’s, it is experiencing a renaissance due to recent advances in detector and
correlator card technologies as well as new photostable fluorophores (Hess et al.,
2002; Kim and Schwille, 2003). When a fluorescently labeled molecule of interest
exists at nanomolar concentrations, FCS can be used to obtain the characteristic
translational diffusion coefficient, D, of the fluorophore and the average number of
molecules in the observation volume (~fL for a diffraction-limited spot) (Hess et al.,
2002) and it also can be used to measure kinetic rate constants, under appropriate
experimental conditions. We implemented FCS on our multimodal system to follow
both the in vivo and in vitro dynamics of biomolecules. Using DIC and wide-field
fluorescence imaging, we can focus the laser on a specific region of interest and
record cell morphology (Fig. 3.4.a). By a simple flip of a filter cube turret in the
multi-image module, we can easily switch from the CCD to the PMT for FCS
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Figure 3.4. FCS measurement of diI-C16 diffusion in the plasma membrane of
RBL. (a) DIC image of an RBL cell. The arrow highlights the location of the
focused laser (488 nm) used for FCS measurements. (b) Representative FCS
curve for lateral diffusion of diI-C16 in RBL plasma membranes. Correlation
curves were fit as described in Chapter 2. The data shown here yields a
characteristic diffusion time of 13.6 ms or lateral diffusion coefficient of
6.0 × 10–9 cm2/s. Bar, 10 µm.
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measurements. In Figure 3.4.a, we show a RBL mast cell whose plasma membrane is
labeled with the lipid analog diI-C16 and the location of the focused laser spot used
for confocal FCS. Figure 3.4.b shows a representative FCS curve for lateral diffusion
of diI-C16 in the plasma membrane. Two populations of diI-C16 diffusion were
observed on RBL cells: one undergoing single component Brownian motion ([6.4 ±
0.7] × 10–9 cm2/s, n = 22) and another exhibiting anomalous diffusion ([5.0 ± 1.9] ×
10–9 cm2/s, ξ= 0.8 ± 0.1, n = 61). These results are consistent with previous FCS and
fluorescence photobleaching recovery measurements of diI-C16 on RBL cells in
which the lateral diffusion coefficients ranged from [3–8.9] × 10–9 cm2/s (Bacia et al.,
2004; Pyenta et al., 2003; Thomas et al., 1994).
A complementary means of measuring lateral diffusion is single particle
tracking. In SPT, the movements of (multivalent or paucivalent) colloidal gold
(Sheets et al., 1997; Suzuki et al., 2005), fluorescent particles (e.g., latex
microspheres, LDL-diI particles, quantum dots) (Feder et al., 1996) or molecules
bound to organic fluorophores (Schmidt et al., 1996; Suzuki et al., 2005) that are
specifically bound to the membrane are followed using CCD or high-speed video
imaging. The centroids of particles, which are calculated post-acquisition using
center-of-mass or adaptive center-of-mass algorithms, are then connected through
time to create trajectories of motion experienced by those particular particles. From
an SPT trajectory, we can obtain quantitative information about the submicron
membrane environment, with nanometer resolution and an average D for the particle.
Figure 3.5.a shows representative trajectories of quantum dots that are specifically
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bound to biotinylated supported planar membranes and Figure 3.5.b shows an
example of the resulting mean squared displacement plot that we can obtain from
such measurements. SPT and FCS are complementary techniques: SPT measures all
movements, including particles that are immobilized or moving very slowly, whereas
FCS requires fluctuations in fluorescence intensity—thus if particles do not move
within the experimental time scale, they are not measured with FCS. To demonstrate
the multi-modality of our system, we also carried out SPT and FCS on sAv-QD525s
specifically bound to b-DPPE:POPC bilayers. Using SPT, we determined that QDs
diffused with a diffusion coefficient of (1.4 ± 2.4) × 10–9 cm2/s (n = 34), which agrees
with the value obtained using FCS (D = (4.0 ± 1.1) × 10–9 cm2/s, n = 48) and with the
literature for lipid diffusion in fluid model membranes as measured using SPT and
FCS (Kiessling et al., 2006; Korlach et al., 1999; Lee et al., 1991; Yoshina-Ishii et al.,
2006).

3.3.3 HOT dynamically and individually manipulates multiple nanoparticles
The dynamic HOT allows for three-dimensional molecular manipulation on
the fly via optimized adaptive-additive algorithms. Figure 3.6 shows a representative
example of the spatially controlled manipulation of nanoparticles (or nanoparticlelabeled molecules) that are otherwise freely diffusing in solution and our dynamic
HOT has trapped (to date) up to 40 individual 0.8 µm Ø silica particles with 340 mW
of 770 nm light. We chose to work with 770–790 nm for our trap to minimize
heating effects (from absorption by water) and cytotoxicity (Gross, 2003) and to
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Figure 3.5. Single particle tracking of streptavidin-coated quantum dots (sAvQD525) specifically bound to 1 mol% b-DPPE in a POPC bilayer. (a) Two
representative trajectories (200 s duration). (b) Representative mean-squared
displacement (<χ2>) as a function time t. The slope yields the diffusion
coefficient (Sheets et al., 1997).
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Figure 3.6. Silica particles trapped in solution using the dynamic HOT. 0.8
µm silica particles in water are trapped using the cw Ti:sapphire laser
operated at 770 nm and 600 mW output power. This figure shows an ×
pattern of 13 particles.
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maximize laser power. Because the entrance path for the trap on the microscope is
parallel to the epi-path (Fig. 3.2.b), we can easily combine optical trapping with DIC,
epi- and TIR illumination to simultaneously measure temporally resolved dynamics
using FCS (Kyoung and Sheets, 2006) or SPT.

3.4 Future perspectives
We have described a powerful combination of quantitative microscopic and
spectroscopic techniques that have been integrated on a single platform for
manipulating and probing nanoparticles and biomolecules in biomimetic and cellular
systems. Our specific motivation for designing this multi-modal system is to
investigate the molecular interactions (lipid-lipid, lipid-protein, protein-protein)
essential for in vivo cell signaling. For example, the combination of TIR-FCS with
HOT allows us to manipulate individual nanoparticles and measure their dynamics
close to the solution/substrate interface with single sensitivity. Using SPT, we can
resolve the movements of individual molecules to obtain quantitative information
about the local microenvironment; whereas, FCS on the same system can give us
information about the ensemble as well as possible kinetics. The multi-modality of
our system allows us to correlate our quantitative understanding of the molecular
dynamics with cell morphology. Importantly, our platform enables us to easily
implement additional methods for quantitative measurements. For example, the
addition of a second PMT (currently in progress) will allow us to carry out two-color
fluorescence cross-correlation spectroscopy (FCCS) (Bacia et al., 2006) to probe
72

transient molecular interactions. Photon counting histogram (PCH) analysis of the
same data acquired in an FCS or FCCS experiment can resolve the distribution of
clusters or aggregates of fluorophores (Chen et al., 2005; Perroud et al., 2003), which
will be essential for understanding functional molecular crosslinking. By using the
Dual-View with appropriate dichroic and emission filters, we can also perform
simultaneous two-color SPT using appropriate tagged molecules to determine
potential correlated movements of membrane-associated molecules (Koyama-Honda
et al., 2005). The multi-modal system described here will allow us to gain a
molecular-level understanding of the processes essential for cellular function.
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IV. Manipulating and probing the spatio-temporal dynamics of
nanoparticles near surfaces

In this Chapter, I combine total internal reflection-fluorescence correlation
spectroscopy (TIR-FCS) with a single optical trap to simultaneously manipulate and
measure the dynamics of individual molecules near the substrate-solution interface.
As a proof-of-principle, polystyrene particles (84 nm in diameter) are used as a model
system to test our approach in studying their diffusion properties near surfaces, which
are treated with polyethylene glycol 8000 (PEG 8000), bovine serum albumin (BSA)
or sodium hydroxide. The evanescent field of 543 nm excitation propagates ~100 nm
into the solution and the fluorescence detection is spatially confined by a 25 or 50 µm
pinhole that is parfocal with the specimen plane. The optical trap is generated using a
cw Ti:sapphire laser at 780 nm. Our results indicate that the particles’ diffusion is
influenced by surface interactions, which might have further implications on
biomembrane studies. Furthermore, the observed translational diffusion of individual
particles can be manipulated using an optical trap. By combining the single molecule
sensitivity of TIR-FCS with a noninvasive manipulation method, such as optical
trapping, we will be able to probe molecular dynamics in biomimetic systems and
living cells.
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4.1 Introduction
Molecular interactions at biological interfaces play important roles in many
biological processes. Events based on receptor-ligand interactions in the cell
membrane involve a variety of cellular communication and signaling processes, such
as immunoreceptor (Kabouridis, 2006; Sheets et al., 1999b) and growth factor
signaling (Normanno et al., 2006), neurotransmitter signaling (Akins and Biederer,
2006) and endo- (Mukherjee et al., 1997) and exocytosis (Blumenthal et al., 2003).
Desynchronized and stochastic properties of these biological events require singlemolecule sensitivity without the population averaging inherent in conventional
ensemble studies. As a result, single molecule studies allow us to understand the
heterogeneous dynamics underpinning biological processes. Since the first reported
detection of a single molecule in solution by Hirschfeld (1976), extraordinary
progress has been achieved to yield insight into the complexity of enzyme dynamics
and kinetics (Nahas et al., 2004; Yildiz et al., 2003) and protein folding (Deniz et al.,
2000; Schuler et al., 2002). In this Chapter, I demonstrate the feasibility of a new
approach that combines TIR-FCS and optical trapping for measuring molecular
interactions at solid/liquid interfaces with single molecule sensitivity.
TIR-FCS has enormous advantages over conventional fluorescence techniques
for studying diffusion processes and chemical kinetics of equilibrated reactions at
biological interfaces with single molecule sensitivity (Thompson et al., 2002). To
obtain signals from fluorescently tagged individual molecules, it is crucial that the
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excitation volume is optically confined to minimize background. When the excitation
beam impinges at the interface between two media of different refractive indices at an
incident angle greater than the critical angle, a thin evanescent wave that propagates
~100 nm into the medium of lower refractive index is generated, which can be used to
excite fluorophores close to the substrate in TIR fluorescence microscopy. FCS,
whether in conventional confocal or TIR mode, can be used to measure the diffusion
properties and concentration of molecules in solution, on the membrane or inside the
cell (Hess et al., 2002; Thompson et al., 2002). Small fluctuations in fluorescence
occur spontaneously in an open system, which is in a state of thermodynamic
equilibrium, due to stochastic processes that cause changes in the fluorophores
concentration (diffusion and chemical kinetics) or the fluorescence properties due to
conformational changes. These fluorescence fluctuations are correlated to obtain
information about the average number of fluorescent molecules in the detection
volume, as well as the dynamic process leading to the fluctuations. The latter is
determined from the rate and shape of the temporal decay of the autocorrelation
function. In confocal FCS, the sample volume is defined by the diffraction limit of a
focused laser beam, detection optics and a confocal pinhole. However, the detection
volume of TIR-FCS is defined by the depth of the evanescent field, which provides
several times higher resolution along the z-axis (~100 nm) as compared with the
conventional approach with a pinhole (~1 µm). Because of its advantage of greater
discrimination along the z-axis, TIR-FCS has been used to measure diffusion of
proteins close to biomembranes and the kinetics of ligands binding to their receptors
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(Lieto et al., 2003; Pero et al., 2006).
A major challenge for studying single molecule interactions using TIR-FCS is
the manipulation of individual molecules in solution. Due to a fixed and confined
detection volume and low concentration of the molecule of interest, it is not efficient
to collect the fluctuating signal from a single molecule. For single molecule studies,
immobilization of the molecule has allowed conformational changes of biomolecules
to be studied (Wennmalm et al., 1997) and various approaches of manipulation have
been used to segregate single molecules and sequentially transport them for analysis,
such as isolating the molecule using lipid vesicles (Okumus et al., 2004) and trapping
the molecules using electrophoretic (Cohen, 2005), optical (Lang et al., 2004) and
magnetic (Gosse and Croquette, 2002) tweezers. To monitor the diffusional
properties of molecules, optical trapping provides the most suitable manipulation
method for providing long residence times for TIR-FCS in a relatively simple way.
The development of our combined approach will help us understand
molecular interactions at biological interfaces (e.g., biomembranes), which is key to
explaining many biological processes and the study of single molecules and single
molecular events offers unparalleled insight into the stochastic nature of individual
biomolecule dynamics (Okumus et al., 2004). TIR-FCS can measure molecular
dynamics—diffusion and reaction kinetics—close to surfaces at the single molecule
level (Pero et al., 2006); however, due to the small (fL) detection volume, the
observation of stochastic biological events is technically demanding. The addition of
an optical trap allows noninvasive manipulation of microscopic objects to the TIR77

FCS detection volume, which may facilitate the study of interfacial events at the
single molecule level. As a proof-of-concept, we measured the diffusion of trapped
individual polystyrene particles (84 nm ∅) that are within ~100 nm of the glass-water
interface using TIR-FCS.

4.2 Description of the TIR-FCS/optical trap setup
A schematic description of our optical system is shown in Figure 4.1. A
HeNe laser (0.4 mW, 543 nm, Meredith Instruments) was employed for prism-based
TIR. The detailed setup is described in Chapter 3. For optical trapping, an argon ion
laser (Innova 90-6, Coherent [not shown]) is used to pump a continuous wave
Ti:sapphire laser (899-01, Coherent) to produce an infrared output beam (700–830
nm range) whose radial intensity distribution is a Gaussian TEM00. A wavelength of
780 nm was chosen to minimize adsorption by water. To produce a clean, collimated
Gaussian beam with a diameter that slightly overfilled the back aperture of the
objective thus creating a tight focus at the sample plane, the beam is shaped by a
spatial filter. The beam is then reflected to the back focal plane of the objective
(Nikon CFI Plan Apo TIRF 100×, 1.45 NA) by a dichroic mirror located in a customdesigned infinity-space mount above the filter cube turret. The position of the
detector pinhole is co-aligned with the trapping potential well to collect the
fluctuating signal of a single trapped bead.
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Figure 4.1. TIR-FCS/trap setup. A 543 nm HeNe laser impinges on the
glass/solution interface at an angle greater than the critical angle to generate an
evanescent excitation field. The fluorescence signal is collected thorough a
pinhole in front of PMT. A 780 nm cw Ti:sapphire laser is used to generate the
optical trap. The inset shows a schematic diagram of a single trapped particle
with TIR illumination. L, lens; M, mirror (560DRPL/565ALP, Omega
Optical); Mp, periscope mirror; DM, dichroic mirror (750dcspxtu, Chroma
Technology); P, pinhole.
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4.3 Results and discussion
4.3.1 Greater evanescent wave depths provide longer nanoparticle diffusion
times
We needed to first characterize the lateral diffusion of fluorescent Nile red
sulfate polystyrene (PS) nanospheres (84 nm ∅; Invitrogen) that we used in
subsequent TIR-FCS/trapping studies. The observation volume of our confocal FCS
was initially calibrated using 0.1–1 nM rhodamine green (Heikal et al., 2000, and
references therein) using 488 nm excitation, which was then used to calculate the
lateral diffusion of the nanoparticles in free solution. For subsequent FCS
experiments using 543 nm excitation, the lateral diffusion of the PS nanoparticles (D
= [3.4 ± 0.9] × 10–8 cm2/s, n = 55) was used to calibrate the system. To minimize
nonspecific interactions between the PS particles and the substrate, we coated
detergent-cleaned glass coverslips and slides with PEG 8000 (10 mM in 50 mM Tris,
pH 7.4, 100 mM NaCl; 1 h, room temperature, followed by extensive rinsing with
water before use). PS particles were suspended in water for all FCS and trapping
experiments described.
To characterize the TIR-FCS setup, we performed measurements at three
different incident angles using 543 nm excitation (0.4 mW output power) and a 50
µm detector pinhole. To fit the TIR-FCS data, we used the following function
(Hassler et al., 2005a).
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Figure 4.2. Representative TIR-FCS autocorrelation curves of freely diffusing
particles (10 nM in water) at different incident angles of excitation. ! increases
when the incident angle decreases because the depth of the evanescent wave
decreases. The circles, triangles and squares depict data for incident angles of
70.3°, 71.9° and 75.5°, respectively. Substrates were coated with PEG 8000.
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particles in the detection volume; ! z is the characteristic diffusion time along the zaxis; and ! xy is the characteristic diffusion time at the sample plane. The depth of the
evanescent wave, d and the diameter of detection volume, ! xy , are calculated using

! z = d 2 / 4 D and ! xy = " xy2 / 4 D , respectively. Increasing the incident angle of the
excitation beam results in a corresponding decrease in the depth of the evanescent
field (Eq.2.3). Table 4.1 shows the theoretical and experimental penetration depths
determined for three incident angles (Fig. 4.2). The observed changes in diffusion
time with the angle of incidence can be attributed to the expected increase of the
observation volume. The diffusion time, ! z , was 0.90 ± 0.13 ms, 0.72 ± 0.08 ms and
0.53 ± 0.06 ms for 70.3°, 71.9° and 75.5°, respectively. These values were used to
estimate the diffusion coefficient in the z-dimension (Table 4.1). We found the
diffusion of the PS nanospheres is reduced 35–46% when diffusing close to the
substrate, as compared with PS particles diffusing freely in three dimensions (see
above). These results agree with theoretical and experimental descriptions of a
sphere diffusing within a few radii from the surface that show a reduced diffusion
relative to the sphere in bulk liquid (Prieve and Ruckenstein, 1976). Furthermore, the
measured depth represents an error of 23–34% with respect to the theoretical depth,
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Table 4.1. Calculated and measured evanescent depths from three different angles of
incidencea.

a

Incident
angle

Theoretical depth of
evanescent wave
(nm)

Measured depth of
evanescent wave
(nm)b

Measured D
calculated from τz
(× 10–8 cm2/s)b

n

70.3°

82.6

111.0 ± 8.2

1.8 ± 0.5

35

71.9°

76.6

99.1 ± 5.5

2.1 ± 0.4

28

75.5°

68.6

84.7 ± 5.0

2.2 ± 0.5

25

10 nM PS in water, PEG 8000-coated substrates. b ± SD.
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which likely results from interactions between the PS particles and the PEG-coated
glass surface. The tendency of deviation between measured and predicted evanescent
depth agrees well with Harlepp et al. (2004) who reported the greater discrepancy
between measured and theoretical penetration depth at smaller incident angle than
that at larger incident angle.

4.3.2 TIR-FCS probes the effect of surface modification on particle dynamics
near a surface
To characterize particle-substrate surface interactions more fully, we
performed TIR-FCS measurements of PS nanospheres using variously modified glass
surfaces. The glass surfaces were coated with PEG 8000 and bovine serum albumin
(BSA) (10 mg/mL in 50 mM Tris, pH 7.4, 100 mM NaCl; 1 h, room temperature,
followed by extensive rinsing with water before use) by physisorption methods to
reduce non-specific binding (Thompson and Axelrod, 1983). To increase the
negative charge on the glass surface after detergent cleaning and thereby increase
repulsion between the negatively charged PS nanospheres and substrate, we treated
glass surfaces with NaOH solution (10 mM; 1 h, room temperature and dried
completely before use) (Bevan and Prieve, 2000). The incident angle was 70.3° for
all measurements and the remaining experimental conditions were the same as for the
previous section. Fig. 4.3 shows representative autocorrelation curves of particles
diffusing close to the modified surfaces. Particles diffusing close to NaOH-treated
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Figure 4.3. Representative TIR-FCS autocorrelation curves of freely diffusing
particles (10 nM in water) close to modified surfaces. Circles, triangles and squares
represent PEG 8000, NaOH and BSA modified glass surfaces, respectively. The
incident angle was 70.3°.
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Table 4.2. Measured diffusion times of beads with different surface treatmentsa.

a

Surface
treatment

Diffusion time
along z-axis (ms)b

Diffusion time
in x-y plane (ms) b

n

PEG 8000
BSA
NaOH

0.9 ± 0.1
0.74 ± 0.06*
0.79 ± 0.09*

44 ± 19
69 ± 31
31 ± 6

35
12
24

incident angle was 70.3°. b ± SD.

*

p < 0.05 indicates a statistically significant difference in the diffusion times of PS
nanoparticles as compared to PEG 8000 coated surface. Here all the data were
showing p < 8 × 10–4.
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and BSA-coated surfaces show similar diffusion properties along the z-axis (p < 8 ×
10–4), suggesting electrostatic repulsion between the PS particles and these surfaces
due to the net negative charge of the NaOH- and BSA-coated surfaces. (Note that the
pI of BSA is 4.7 (Li et al., 2005) and the water used in these experiments is pH 5.6.)
For diffusion in the x-y plane, beads on BSA-coated surfaces exhibit a larger standard
deviation as compared with the other surfaces, suggesting a non-uniform surface
coating, which has been observed with AFM under different BSA incubation times (1
mg/mL, 10 min incubation) (Heyes et al., 2004). Unlike PS nanosphere diffusion
close to NaOH- and BSA-treated surfaces, particles diffusing close to PEG-coated
glass exhibit a slower diffusion due to the lack of a net surface charge and therefore
weaker repulsive interaction forces (Heyes et al., 2004; Ma et al., 2006).

4.3.3 Optical trapping confines the diffusion of individual nanoparticles near a
surface
Individual PS beads (10 pM in water) were trapped in three dimensions near
the glass surface using a 780 nm laser (~40 mW at sample plane). By imaging the
particles using TIR excitation (543 nm, 0.4 mW; 0.5 s exposure, 0.7 s interval), we
determined that the nanospheres could be successfully trapped as indicated by their
stability at the trap position. Time-lapse CCD images were analyzed by line-scanning
across each of the trapped particle images and integrating them over time. In this way,
the fluorescence intensity of the trapped particles was calculated. Fig. 4.4 shows a
representative trace of successive trapping of individual particles.
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Figure 4.4. Successive trapping of individual polystyrene particles. The stepwise
increases (∆) in fluorescence intensity indicate when single particles diffuse into the
potential well and were trapped.
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4.3.4 TIR-FCS/optical trapping probes single particle diffusion in a potential
well near a surface
TIR-FCS was performed on single trapped particles; however due to the small
number of particles, the noise level was higher than for TIR-FCS of freely diffusing
particles. To reduce the possibility of collecting fluorescence signal from outside the
optical trap, a 25 µm pinhole was used to confine the detection diameter to 450 nm in
the x-y plane. By averaging the TIR-FCS curves of many individual trapped particles
(Fig. 4.5) near the PEG-coated glass surface and fitting the resultant curves, we
obtained diffusion times of 0.73 ± 0.11 ms and 45.1 ± 13.0 ms along the z-axis and in
the x-y plane, respectively. The averaged number of beads in the detection volume
was 0.42 ± 0.02, as determined fitting the averaged curve, which indicates a single
particle is trapped in the optical trap at a time. The less than unity number of particles
trapped results from the larger spatial confinement of the optical trapping as
compared to the detection confinement along the z-axis. The diffusion times ( ! z ) of
trapped and untrapped beads on a PEG-coated surface were overlapped within error
range (Table 4.2), which can be explained by the maintained evanescent wave-depth.
However, considering the effect of reducing the pinhole size from 50 µm to 25 µm,
the similar diffusion time in the x-y plane indicates slower movement of trapped
nanoparticles. Using the relationship between diffusion time and diffusion coefficient
2
( ! xy = " xy / 4 D ), the measured diffusion coefficient was ~24% less than the diffusion

coefficient of freely diffusing particles not in a optical trap (Table 4.2), which is
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Figure 4.5. Averaged TIR-FCS autocorrelation curve of single trapped particles (1–10
pM in water). 58 curves were averaged to present this unnormalized data. Black circles
represent the averaged data and solid line indicates the fitted data. Experiments were
performed on 1–10 pM bead solutions. Note from Eq. 4.1, G(0) = (2N)–1; the average
number of particles trapped is 0.42 ± 0.02.
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likely due to the average position of the single bead being closer to the surface as a
result of trapping.

4.4 Conclusion
We have reported the diffusion of single polystyrene nanospheres in potential
wells near surfaces using a combination of TIR-FCS and optical trapping. After
calibrating the relationship between evanescent wave depth and incident angle of
excitation, we used TIR-FCS to measure the effect of different surface treatments on
the diffusion of the PS particles. Individual particles could be trapped and their
diffusion determined with TIR-FCS on a single trapped particle. In general, we
observe a reduction in diffusion when particles are close to the substrate, as compared
with when they are in bulk solution. We attribute this retardation to electrostatic and
other nonspecific interactions. TIR-FCS/trapping provides single molecule
sensitivity and noninvasive manipulation to study single molecule events on surfaces
and this approach may be useful for biological investigations.
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V. Vesicle diffusion close to supported lipid bilayers: a model for endoand exocytosis
This Chapter characterizes the dynamics of freely diffusing small vesicles
(~50 nm in diameter) near supported planar bilayers using TIR–FCS. Understanding
underlying mechanisms of vesicle diffusion near membranes can provide a
comprehensive interpretation of endocytosis, exocytosis and synaptic fusion. For the
first time, I experimentally and theoretically characterize the dynamics of freely
diffusing small vesicles (~50 nm in diameter) near supported planar bilayers using
total internal reflection-fluorescence correlation spectroscopy (TIR-FCS). The threedimensional population distributions of vesicles diffusing near planar bilayers are
affected by changing the ionic strength and pH of the buffer, as well as lipid
composition. As a result, hydrodynamic interactions of vesicles with the planar
bilayers are changed, altering vesicle movements near the bilayers. These
experimentally determined dynamics of vesicles agree with theoretical expectations.
Effective surface charges on neutral bilayers are also analyzed by comparing
experimental and theoretical data and we demonstrate the possibility that vesicle
dynamics can be modified by surface charge redistribution of the planar bilayer.
Based on these results, we hypothesize that small vesicles, when they are not in
contact with cellular membrane, do not randomly diffuse around membranes, but may
diffuse in a controlled manner at various dynamic biological conditions.
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5.1 Introduction
Small vesicles (<100 nm in diameter) found inside and outside of cells
participate in vital cellular processes such as endocytosis, exocytosis and synaptic
fusion (Corda et al., 2002; Deak et al., 2004; Grunfelder et al., 2003; Liu et al.,
2005b; Valadi et al., 2007). During these processes, vesicles typically undergo two
stages of dynamics. First, vesicles diffuse near a membrane to be close to the active
zone before they dock. Second, vesicles dock at such locations via specific proteins
to fuse with membranes and release their contents (Jahn and Scheller, 2006). The
interactions of vesicles with membranes at the second stage have been widely
investigated, using model systems and living cells(Lei and MacDonald, 2003; Liu et
al., 2005a). Although the first stage is also critical for these crucial biological
processes, this aspect remains poorly understood.
Several time-independent forces are expected to be involved in vesicle
diffusion very close to other membrane. Because most natural membranes are
negatively charged with 10–20 mol% anionic lipids on the cytoplasmic face (Yeagle,
1992), electrostatic repulsion between opposing membrane is a primary
intermembrane interaction. Electrostatic interaction can be controlled by lipid
compositions that characterize the surface charge density of the membrane
(Rosenheck, 1998; Shoemaker and Vanderlick, 2002). Ionic strength, pH and
chemical composition of the buffer have been studied for their ability to alter
membrane surface potential and Debye-Hückel screening length (Garcia-Manyes et
al., 2005; Loosley-Millman et al., 1982; Vaz et al., 1978). In addition, contributions
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of hydration repulsion forces, which prevent vesicle aggregation in the primary
Derjaguin-Landau-Verwey-Overbeek (DLVO) minimum (Daillant et al., 2005), as
well as van der Waals attraction forces (Pera et al., 2004) have been applied to
interpretations of membrane interactions.
To understand the dynamics of vesicles near membranes, hydrodynamic
interactions between vesicles and membranes must be considered in combination with
time-independent interactions. When an object diffuses near a surface, it experiences
an increased hydrodynamic drag force and as a result, its dynamics decrease
(Brenner, 1961; Goldman et al., 1967; Happel and Brenner, 1991). Although the
hydrodynamic interaction between a sphere and a surface, which is a similar to
vesicles diffusing near a membrane, has been studied for almost a century, limited
experimental approaches have been carried out to understand these dynamics. In
addition, most research on the dynamics of spherical particles near a surface has been
performed with micron-sized particles primarily due to signal-to-noise limitations
(Grünberg et al., 2001; MacKay and Mason, 1961; Prieve, 1999). Same work has
discussed hydrodynamic interactions of nanoparticles with a surface, but these
measurements also suffered from low signal-to-noise when the particle diameter was
reduced to ~50 nm (Banerjee and Kihm, 2005; Holmqvist et al., 2007).
To overcome the low signal-to-noise limitations, we combined fluorescence
correlation spectroscopy (FCS) with total internal reflection (TIR) to provide single
molecule sensitivity and high selectivity of surface dynamics (Thompson et al., 1981;
Thompson et al., 2002). TIR-FCS has been used to study interactions between
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diffusing fluorescently-tagged ligands with receptors reconstituted into supported
planar bilayer (Lieto et al., 2003), lateral diffusion of a membrane-binding fluorescent
protein (Ohsugi et al., 2006) and kinetics of immobilized proteins at the single
molecule level (Hassler et al., 2007). Here, we report the dynamics of small vesicles
near supported planar bilayers using TIR-FCS to investigate the underlying
mechanism controlling diffusion of small vesicles (~50 nm in diameter) near a
membrane, which mimics, for example, pre-docking stage of vesicles in synaptic
release. The effects of lipid compositions, ionic strength and pH on vesicle dynamics
are presented. In addition, for the first time, we discuss theoretical interpretations of
the mechanisms of vesicle diffusions using hydrodynamic theory, in combination
with modified DLVO theory.

5.2 Materials and methods
5.2.1 Materials
Materials. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (POPS) were purchased from
Avanti Polar Lipids (Alabaster, AL). 1,1’-dihexadecyl-3,3,3’,3’-tetramethylindocarbocyanine (diI-C16) (Invitrogen, Carlsbad, CA) was used as the fluorescent lipid
analog. Lipids and fluorescent analogs were used without additional purification.
Rhodamine green was purchased from Invitrogen.
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5.2.2 Vesicle solution preparation
Chloroform solutions of lipids (79.9 mol% POPC, 20 mol% POPS and 0.1
mol% diI-C16) were dried under nitrogen in a KOH-cleaned test tube and stored under
vacuum overnight. On the day of the experiment, the lipid film was resuspended in
PBS buffer (15 mM sodium phosphate, 150 mM sodium chloride and 10 mM sodium
EDTA, pH 7.4) at a 2 mM final lipid concentration. Lipid suspensions were bath
sonicated at room temperature for 30 min and repeatedly extruded through a
polycarbonate film with 30 nm or 50 nm diameter pores using a mini-extruder
(Avanti Polar Lipids) to generate large unilamellar vesicles (LUVs) of a uniform size.
For experiments in which the ionic strength was varied, PBS (original ionic strength,
183 mM) was diluted 0.001×, 0.01× and 0.1×, for final ionic strengths of 0.2 mM, 1.8
mM and 18.3 mM, respectively.

5.2.3 Planar bilayer preparation
Lipid mixtures of POPC containing 0, 5, 10, 15 or 20 mol% POPS were dried
under nitrogen and stored under vacuum overnight. Small unilamellar vesicles
(SUVs) were prepared from resuspended lipid solutions using the above mentioned
extrusion method or airfuge/probe sonication (Chapter 3, Kyoung et al., 2007). On
the day of an experiment, ~50 µL of the SUV solution was applied to a sandwich
made of a detergent-cleaned 3 inch × 1 inch glass slide and a 22 mm × 22 mm glass
coverslip, both of which were cleaned in argon plasma immediately prior to
application of the SUV suspension. After 30 min incubation in a humidified
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chamber, samples were exhaustively rinsed with the desired buffer to remove unfused
SUVs. Subsequently, the glass slide was exchanged for a detergent-cleaned 24 mm ×
50 mm glass coverslip under the desired buffer to further remove unfused vesicles
and adjust the sample thickness to the microscope objective working distance. Before
bilayer samples were sealed with VALAP (Vaseline:lanolin:paraffin [2:1:1, wt/wt]),
~50 µL uniformly sized (~50 nm diamter), fluorescently labeled LUVs containing 20
mol% POPS in the desired buffer was applied to coverslip sandwich.

5.2.4 Confocal FCS
FCS experiments were carried out on a Nikon TE2000U inverted microscope
as previously described (Kyoung et al., 2007). A laser beam (either the 488 nm line
from a Coherent Innova 90C-6 argon ion laser [Santa Clara, CA] or the 543 nm HeNe
laser from Meredith Instruments [Glendale, AZ]) was focused through the epi-port of
the microscope and projected onto the sample by overfilling the back aperture of the
objective (PlanApo IR 60× 1.4 NA, Nikon, Japan). For exciting diI-C16 molecules
and collecting their fluorescence signals, 560 DRLP dichroic was used and 565 ALP
further reduced the scattering lights. Typical excitation power was ~100 µW at the
specimen plane with negligible photobleaching. An optical fiber (50 µm diameter),
excluding photons from outside of the detection volume, was located in front of a
GaAsP photomultiplier tube (Hamamatsu H7421-40, Bridgewater, NJ) in an image
plane conjugate to the sample. Autocorrelated data were obtained from a USB
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correlator (Flex02-12D, correlator.com, Bridgewater, NJ). Data were fit to threedimensional diffusion with Igor Pro (WaveMetrics, Lake Oswego, OR) according to
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where τ is the time interval, τD is the characteristic diffusion time and N is the average
number of molecules in the open observation volume. The structural parameter, ω0
(~7.1), was obtained from autocorrelation measurements of an aqueous rhodamine
green. ! is the fraction of the fluorescent molecules in triplet state with τT lifetime.
Vesicle hydrodynamic radii were determined by confocal FCS method using
the Stokes-Einstein relationship (Einstein, 1905)

Rh =

k BT
6!" D free

,

(5.2)

where Rh is the hydrodynamic radius, Dfree is the diffusion coefficient of unhindered
Brownian motion, kB is the Boltzmann constant, T is the temperature and η is the
solvent viscosity. These measurements were agreed with dynamic light scattering
within error range (Nano zetasizer, Malvern Instruments, United Kingdom).
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5.2.5 Total internal reflection–fluorescence correlation spectroscopy
The TIR-FCS setup is described elsewhere (Kyoung et al., 2007). Briefly, a HeNe
laser (0.4 mW, 543 nm, Meredith Instruments) was used for prism-based TIR. The
beam, which was focused with a focusing lens (f = 100 mm), passed through a fused
silica cube that was optically coupled, with glycerol, to a glass substrate to impinge
on the solution/substrate interface at an angle greater than the critical angle (Fig. 5.1).
Based on theoretical calculations, the evanescent wave depth was ~65 nm (see
Chapter 2, Eq.2.4). The fluorescence fluctuations originating from the sample near
the interface were collected through an objective (CFI Plan Apo IR 60×, 1.40 NA,
Nikon, Japan). To confine the detection volume along x and y dimensions, an optical
fiber (50 nm diameter) was placed in front of a GaAsP PMT (H7421-40, Hamamatsu,
Japan) in a plane conjugate to the sample (Fig. 5.1). The x-y position of the input end
of the optical fiber was adjusted using a custom mount to enhance detection
efficiency. The fluctuations in fluorescence signal were counted in reciprocal counter
mode and autocorrelated. The characterization of the TIR-FCS setup of our system
has been previously reported (Kyoung and Sheets, 2006).
To obtain a reproducible data set, we maintained a constant distance between
the objective and the cover glass surface by adjusting z-position of the sample stage to
maximize photon counts from any given sample. Measurements were performed on
fluorescently labeled, vesicle solutions (typical concentration ~150 nM) near various
planar bilayers in desired buffers. The adsorption of vesicles to the planar bilayer
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Figure 5.1. Schematic diagram that shows z-intensity profile of evanescent wave
and vesicle-supported planar bilayer system. Vesicles ~50 nm in diameter are
negatively charged with POPS molecules and fluorescently labeled with diI-C16.
Only vesicles diffusing within the evanescent wave are selectively excited. As
vesicles diffuse in and out of the confined detection volume will cause the
fluctuation that are collected and correlated over time interval. The z-dimension of
the detection volume is determined by the depth of the evanescent wave and the xand y- dimensions are defined by the confocal pinhole (i.e., the fiber diameter).
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itself was negligible under most experimental conditions as assessed for the number
of vesicles freely diffusing near the surface was constant over the measurement
period. Confocal FCS measurements on vesicles extruded through a polycarbonate
film with 30 nm and 50 nm pores were performed to verify that collected major
fluorescence fluctuations originated from the diffusion of vesicles and not from the
diffusion of individual diI-C16 molecules within the membrane of the vesicles. The
hydrodynamic radius of vesicles were correspondent to the pore size of the film,
which indicated that the fluctuation signal from individual diI-C16 molecules did not
contribute the fluctuation signal from vesicles (data not shown). In addition, single
diffusion component from each FCS or TIR-FCS curve was obtained, indicating that
diI-C16 molecules do not provide significant fluctuation signals. Therefore, obtained
autocorrelation data from vesicle diffusion were fit with following equation (Hassler
et al., 2005b)

1 #
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(5.3)

where w = exp(!x 2 )erfc(!ix) and x = i ! 4! z , N is the average number of vesicles
in the detection volume and ! z is the characteristic diffusion time along the z-axis
( ! z = d 2 4D , where D is the diffusion coefficient. (Note that we use Dfree to indicated
diffusion in bulk solution.) The depth of the evanescent wave, d, was calculated from
Eq.2.4, while the radius of the detection volume, ! xy was determined from the radius
of the optical fiber projected onto the sample plane. The geometrical factor ω was
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determined by ! = ! xy d . χ2 was calculated to assess the goodness of fit and
unpaired, two-tailed Student’s t-tests using Excel (Microsoft, Redmond, WA) were
used for statistical analysis (p ≤ 0.05 indicates that the means were statistically
significantly different at a 95% confidence limit).

5.3 Theoretical analysis and background
The dynamics of free lipid vesicles in buffer result from thermal kinetic
motion equilibrated with viscous drag force described by Stokes-Einstein
relationship, Eq.5.2 (Einstein, 1905). However, when vesicles are close to a
supported planar bilayer, Brownian motion can be significantly hindered by
hydrodynamic interactions between the vesicle and supported bilayer. In addition to
hydrodynamic interactions, material-specific and time-independent interactions such
as van der Waals, electrostatic and hydration repulsion interactions can further affect
the hindered motion of vesicles. Therefore, the dynamics of vesicles measured by
TIR-FCS must be analyzed with considerations not only of hydrodynamic
interactions, but also other time-independent interactions.
In this section, we describe theoretical analysis used to predict the dynamics
of vesicles near a supported planar bilayer, as measured by TIR-FCS, with the
hydrodynamic interactions combined with time-independent interactions.
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5.3.1 Hydrodynamic interaction
Due to increased drag forces, vesicle diffusion coefficients near a supported
planar bilayer are smaller than in bulk solution, Dfree, described in Eq.5.2. The
hindered dynamics of vesicles can be separated into parallel and perpendicular
diffusions with respect to a supported planar bilayer. For a vesicle’s parallel
movement we can apply the correction term !|| that describes the increased drag force
when particles diffuse parallel to a wall (Goldman et al., 1967). The diffusion
coefficient for a vesicle moving parallel to a supported planar bilayer is
D! =

k BT
#
6!" Rh !

(5.4)
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where z is the shortest distance between the vesicle center and the supported planar
bilayer. Brenner (1961) derived a correction factor, ! " for determining the diffusion
coefficient of particles moving perpendicular to a wall. The diffusion coefficient of a
vesicle moving perpendicular to a supported planar bilayer is
D! =

k BT
$
6"# Rh !

(5.6)

where

# 6h2 + 2Rh h &
!" = % 2
2(
$ 6h + 9Rh h + 2Rh '
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(5.7)

where h = z ! Rh , the separation between the vesicle and planar membrane surfaces.
These corrected diffusion coefficients describe a single vesicle’s motion at a welldefined distance from the supported planar bilayer. TIR-FCS measures the diffusion
properties of vesicles and thus, the distance of a vesicle from the supported planar
bilayer is not fixed over the measurement period. In addition, the collected signal is
an average from a number of vesicles that are moving throughout the detection
volume. Thus, the mean diffusion coefficient from dispersed vesicles will be more
suitable to compare with experimental data.

5.3.2 Time-independent interactions
To characterize the distribution of vesicles near a supported planar bilayer, we need to
consider time-independent interactions such as van der Waals energy U vdW , the
electrostatic energy U el and the hydration repulsion U hy

U total = U vdW + U el + U hy

(5.8)

While many geometries of van der Waals interactions between membranes have been
previously described (Tadmor, 2001), the closest geometry for this work is two
spherical shells. In this geometry, we define that one spherical shell has an infinity
radius, which is considered as the supported planar bilayer. The van der Waals
attractive energy can be described as
U vdW = !

A( " 1
2
1%
" h(h + 2r) % +
!
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* Rh $#
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(5.9)

where r is the thickness of both membranes and A is the Hamaker constant, which is
calculated as 6.7 × 10–21 J using Lifshitz theory (Dzyanloshinskii et al., 1961) and is
related to the dielectric constants (εmedium = 70 and εlipid bilayer = 2) (Peitzsch et al., 1995)
and the refractive indices of the lipid bilayers (nbilayer = 1.45) and buffer (nbuffer = 1.33)
(Giess et al., 2004). Due to small volume fraction of vesicles (<1%), we did not
observe any interactions between vesicles. The vesicles’ diffusion properties were
maintained although the vesicle solutions were 100 times diluted (data not shown).
Therefore, we calculate the potential energies without vesicle-vesicle interactions.
Electrostatic energy was considered based on Derjaguin approximation
(Derjaguin, 1934). For sphere-wall interactions, recent studies reported analytical
expressions with an assumption that a surface maintains a uniform fixed surface
charge density during the interaction. The electrostatic repulsion energy between two
membrane systems is expressed as (Prieve, 1999)
" e( 1 %
" e( 2 %
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U = 16! a $ B ' tanh $
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(5.10)

where e is the elemental electric charge, ε is the dielectric permittivity of water and

! j = "2 arcsin h ( p0# ) is the surface potential of a vesicle (j = 1) and a supported
planar bilayer (j = 2). ! is the mole fraction of charged lipids; and p0 = 2! lD lB Rh ,
where lD is the Debye-Hückel length, which is the inverse of ! and lB is the Bjerrum
length.
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The hydration repulsion also affects the total potential energy. This short
range interaction follows exponential law with a hydration decay length, ! of 0.2 nm
(Daillant et al., 2005). Hydration repulsion energy is given by (Molina-Bolı´var and
Ortega-Vinuesa, 1999)

(

)

U hy = ! Rh" 2 Fhy exp #h " ,

(5.11)

where the pre-exponential Fhy = 4 × 108 Pa (Daillant et al., 2005).

5.3.3 Collective dynamics of vesicle distribution near a membrane
Applying the Boltzmann distribution to calculate the total potential energy, we
can obtain the probability density of vesicle distribution in the proximity of the
supported planar bilayer. Due to the property of TIR illumination, we need to
consider the detection probability density of vesicles distributed as a function of
distance from the supported planar bilayer surface. The normalized detection
probability density, pd ( h ) exponentially decreases as the distance of vesicles between
from the supported planar bilayer increases

pd ( h ) = Bp( h ) exp(!h /d )
where B is the prefactor that equals

["

d
0

(5.12)

]

!1

p(h)exp(!h /d ) dh and p( h ) is the

probability density of the vesicle distribution. We normalize the detection probability
density from 0 to d due to the relationship of the measured diffusion coefficient and
the depth of the evanescent wave (Eq.2.4). The mean diffusion coefficients of
vesicles detected from TIR-FCS can be expressed as
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D||, ! = Dfree " 0 pd (h)#||, ! (h)dh
d

(5.13)

For our TIR-FCS data analysis, we assume that the vesicle motions parallel and
perpendicular to a supported planar bilayer are identical. As a result, the averaged
diffusion coefficient from perpendicular and parallel motion to a supported planar
bilayer will be compared to the measured diffusion coefficient of vesicles near planar
bilayer.

5.4 Results
5.4.1 Enhancing ionic strength decreases the dynamics of small unilamellar
vesicles near planar bilayers
To evaluate the effect of ionic strength on the interactions of negatively charged
small unilamellar vesicles with negatively charged supported planar bilayers, we
carried out a series of experiments in various buffers. The surface charge density of
vesicles was maintained with a fixed composition of POPC (79.9 mol%), POPS (20
mol%), which has a net negative charge at pH 7.4 and diI-C16 (0.1 mol%). The
diffusion coefficients of vesicles near planar bilayers composed of 80 mol% POPC
and 20 mol% POPS were obtained over a range of ionic strengths using TIR-FCS.
Figure 5.2 shows representative fluorescence fluctuation autocorrelation
functions originated from negatively charged vesicles (20 mol% POPS) labeled with
diI-C16 at two ionic strengths, i.e., 183.4 and 0.2 mM. The confined diffusion of
individual diI-C16 molecules within the vesicle surface was determined to be
negligible (see Materials and Methods), thus not altering the hydrodynamic radii of
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vesicles (data not shown). The different decay rates of autocorrelation functions at
various ionic strengths were statistically significant. The measured diffusion
coefficients of negatively charged vesicles near negatively charged supported planar
bilayer as a function of ionic strength of PBS buffer are shown as solid circles in
Figure 5.3 and in Table 5.1. The motions of vesicles are hindered by hydrodynamic
interactions with the supported planar bilayers. Therefore, at any given experimental
condition, the measured diffusion coefficients of vesicles near planar bilayers were
smaller than those obtained far from the surface by conventional FCS of the same
vesicle solutions. At the highest ionic strength (183.4 mM), the diffusion of vesicles
near the negatively charged planar bilayer was reduced by a factor of 1.72, compared
to vesicle diffusion without a boundary condition. Due to the surface charge of
vesicles and supported planar bilayer that both contain 20 mol% POPS, vesicles
experience a repulsive force when the electrical double layers of two membrane
systems begin to overlap. The repulsive force decreases by a process of Debye
screening as solution ionic strength is increased. Thus, the average distance of
vesicles from planar bilayer decreased as ionic strength was decreased and the
diffusion coefficients of vesicles decreased.
To characterize the effect of ionic strength on the interactions between
negatively charged vesicles and neutral planar bilayers, we performed the similar
series of experiments with supported planar bilayers in the absence of POPS and
same vesicle solutions at various salt concentrations (Figure 5.3 and Table 5.1). Ionic
strength-dependent screening effects were not expected in the case of charged
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Figure 5.2. Representative TIR-FCS curves of vesicles near a supported
planar bilayer in different buffers with two different ionic strengths
(183.4 [closed circles] and 18.3 mM [open circles]).
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Figure 5.3. Diffusion coefficients of vesicles near a supported planar bilayer
upon changes of ionic strength. Closed circles represent vesicles diffusing close
to 20 mol% POPS supported bilayers, and open circles for 100 mol% POPC
supported bilayers. Diffusion coefficients of vesicles interacting with planar
bilayers decrease as ionic strength is increased. With charged planar bilayer (20
mol% POPS), the change in vesicle diffusion is more significant than with
neutral planar bilayer (0 mol% POPS).
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vesicles interacting with the POPC planar bilayer due to the absence of overlapping
electrical double layers. However, we observed that negatively charged vesicle
movements become faster as ionic strength is decreased, which indicates that vesicles
experience increased repulsive forces against neutral planar bilayer with decreasing
ionic strength. This observation can be explained by the surface charge that
accumulates on neutral, zwitterionic lipid bilayers when anions are adsorbed from the
buffer (Garcia-Manyes et al., 2005; Petrache et al., 2006). The adsorbed anions
causes an electrical double layer to form on the neutral planar bilayer and thus the
bilayer exerts a repulsive force when it overlaps with the double layers of vesicles.
To compare the effect of ionic strength on charged vesicles interacting with
negatively charged and neutral supported planar bilayers, we analyzed Figure 5.3 by
linear regression. The slope, which indicates the degree of change in vesicle
diffusion coefficients as a function of ionic strength, was 1.7 times greater for
vesicles interacting with negatively charged supported planar bilayers than for
vesicles interacting with neutral planar bilayer. Based on these results, we can
conclude that negatively charged bilayer has a higher sensitivity to ionic strength and
thus vesicle dynamics can be dramatically altered by ionic strengths when vesicles are
near negatively charged bilayers.
Compared to environments with lower ionic strengths (0.2 and 1.8 mM), at high
ionic strengths (18.3 and 183.4 mM), interactions of charged vesicles with charged
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Table 5.1. Measured diffusion coefficients of vesicles near supported planar
bilayer with 20 mol% and 0 mol% POPS composition and the theoretically expected
diffusion coefficients of vesicles near 20 mol% POPS planar bilayer and calculated
effective percentage of charged lipids in 0 mol in the absence of POPS planar bilayer.
Ionic
strength
(mM)

Measured diffusion
coefficient
(× 10–8 cm2/s)

Theoretically
expected diffusion
coefficient
(× 10–8 cm2/s)

Calculated
effective mol% of
charged lipids

POPC planar
bilayer
0.2

6.09 ± 0.50 (n = 22)

–

–

1.8
18.3
183.4
20 mol%
POPS planar
bilayer
0.2

5.67 ± 0.24 (n = 30)
5.09 ± 0.15 (n = 26)
4.65 ± 0.17 (n = 33)

–
–
–

–
1.2
7.5

7.31 ± 0.38* (n = 23)

6.32

20a

1.8
18.3
183.4

6.70 ± 0.41* (n = 29)
5.54 ± 0.18*(n = 38)
4.87 ± 0.18*(n = 30)

6.21
5.58
4.86

20a
20a
20a

a

Values are taken from initial experimental conditions.
p < 0.05 indicates a statistically significant difference in the diffusion coefficients as
compared to paired samples of vesicles diffusing close to POPC only bilayer. Here
all the data were showing p < 4 × 10–4.
*
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and neutral planar bilayers were relatively similar. This indicates that at high ionic
strengths, Debye screening lengths of negatively charged planar bilayers decrease.
However, the mean diffusion coefficient of vesicles with neutral planar bilayer at
183.4 mM ionic strength was still statistically significantly smaller than of vesicles
with charged planar bilayer (p < 4 × 10–4).

5.4.2 Lipid composition affects the dynamics of small unilamellar vesicles near
planar bilayers
To characterize the effect of lipid composition on the interactions between
vesicles and supported planar bilayers, we varied the composition of supported planar
bilayers from 0–20 mol% POPS (with the remainder of the composition as POPC) at
pH 7.4 where POPS has a net negative charge. The ionic strength (18.4 mM) and
vesicle lipid composition (79.9 mol% POPC, 20 mol% POPS and 0.1 mol% diI-C16)
were held constant. The diffusion coefficients of vesicles near the planar bilayer were
obtained using TIR-FCS.
In Figure 5.4, the solid circles show the measured diffusion coefficients of
vesicles as a function of lipid composition of the supported planar bilayers. Table 5.2
lists the vesicle diffusion coefficients obtained and number of measurements for each
condition. At pH 7.4, as POPS composition of the bilayer is increased, the diffusion
coefficient of the vesicles increases indicating that the vesicles experience an
enhanced repulsive force as the negative surface charge density in the planar bilayer
increases. As a result, the average distance of vesicles from the planar bilayer
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Table 5.2. Measured and the theoretically expected diffusion coefficients of
vesicles near supported planar bilayer with various lipid compositions at pH 7.4 and
pH 4 and theoretically calculated effective mol% of charged lipids in vesicles and
planar bilayers at pH 7 and 4, respectively.
Measured diffusion
coefficient
(× 10–8 cm2/s)

Theoretically
expected diffusion
coefficient
(× 10–8 cm2/s)

Calculated effective
mol% of charged
lipids

0

5.10 ± 0.19 (n = 23)

5.11a

1.2b

5
10
15

5.22 ± 0.11 (n = 38)
5.42 ± 0.13 (n = 29)
5.52 ± 0.14 (n = 38)

5.49
5.54
5.57

1.7
3.3
15c

20

5.54 ± 0.18 (n = 30)

5.58

20c

0
5

4.77 ± 0.10* (n = 23)
4.90 ± 0.12* (n = 38)

–
–

2.4
2.8

10
15
20

4.92 ± 0.10* (n = 29)
4.93 ± 0.12* (n = 38)
4.79 ± 0.17* (n = 30)

–
–
–

2.8
2.8
2.5

POPS lipid
composition
(mol%)
pH 7.4

pH 4

a

Value is calculated from b value.
Value indicates the surface charge density represented in Table 5.1.
c
Values are taken from initial experimental conditions.
*
p < 0.05, indicates a statistically significant difference in the diffusion coefficients
between paired samples at pH 7.4 and pH 4.
b
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increases, which weakens the drag forces on vesicles. Therefore, vesicle movements
near the supported planar bilayer become faster with higher surface charge density.
While the lipid composition is varied, not only the surface charge density, but
also the overall lipid characteristics of the planar bilayers is altered due to the
different head groups of POPS and POPC. To verify that electrostatic repulsion
forces predominantly contribute to vesicle dynamics near the supported planar bilayer
under given conditions, we performed the same series of experiments at pH 4.
Because the apparent pKa of POPS carboxyl group in the bilayer is higher than
intrinsic pKa of POPS carboxyl group, most of the POPS head groups are protonated
at pH 4 (Franzin and Macdonald, 2001). If electrostatic interactions dominate vesicle
dynamics, even though lipid compositions are varied, vesicle movements should not
be changed since there is no variation in surface charge density. Indeed, we observed
no significant trend in vesicle diffusion upon changing supported planar bilayer
composition at pH 4 (Figure 5.4, open circle and Table 5.2), in contrast to pH 7.4
(Figure 5.4, solid circles and Table 5.2).
Due to the absence of charged lipids in both 0% POPS planar bilayers at pH 7.4
and in planar bilayers with various compositions at pH 4, the hindered diffusion of
vesicles is expected to be the same. However, as shown in Figure 5.4, we observed
smaller diffusion coefficients of vesicles near planar bilayers with various
compositions at pH 4 than of diffusion coefficients of vesicles near 0% POPS planar
bilayer at pH 7.4. While at pH 7.4, vesicles are still highly charged due to their 20%
POPS and planar bilayer is neutral due to the absence of POPS, both
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Figure 5.4. Diffusion coefficients of vesicles near a supported planar bilayer with
changes of planar bilayer lipid composition. The diffusion coefficients of
vesicles interacting with various compositions of planar bilayer at pH 7.4 (closed
circles) and pH 4 (open circles) are shown. At pH 7.4, as charged lipid
composition in the planar bilayer is increased, the diffusion of vesicles increases,
indicating that charge-charge repulsion increases; however, at pH 4, this trend is
not observed.
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vesicles and planar bilayer are neutral at pH 4. Because of the effective surface
charges that accumulate on neutral lipid bilayers due to anion adsorption, electrostatic
repulsion between highly charged vesicles and neutral planar bilayer is higher than
between neutral vesicles and neutral planar bilayer at pH 4.

5.5 Discussion
Biological processes are believed to be tightly regulated in an efficient
manner. For example, fusion of small vesicles with a membrane or fission of small
vesicles from a membrane is performed by specialized proteins and lipids
synchronized at precise places and times. We hypothesize that the dynamics of
vesicles that are not in contact with a membrane are controlled by certain rules to
increase selectivity and efficiency for performing fusion or fission processes. Thus
far we have presented the effects of ionic strength, lipid compositions and pH on
vesicle diffusion near planar bilayers. By applying theoretical calculations, we
further discuss the underlying mechanisms that control vesicle dynamics near
membranes.

5.5.1 Comparison of results with theoretical interpretation reveals that
electrostatic interactions significantly affect the dynamics of vesicles near not
only negatively charged but also neutral planar bilayers
We compare the observed data with theoretical calculations based on
hydrodynamic interactions combined with the modified DLVO model described in
section Theoretical Analysis and Background. Table 5.1 shows both measured and
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theoretically calculated diffusion coefficients of vesicles near 20 mol% POPS planar
bilayer as a function of ionic strength. In high ionic strength environments (> 18.3
mM), the theoretical calculations agree well with our observations, indicating that our
theoretical approach for analyzing TIR-FCS data is appropriate. According to
Eq.5.10, the surface potential of vesicles and planar bilayers changes with the DebyeHükel length, depending on ionic strength. When the Debye-Hükel lengths are very
thin (1.0 nm for 183.4 mM and 3.3 nm for 18.3 mM) and the major population of
vesicles is distributed relatively close to the planar bilayer and the short-range
interactions, such as Van der Waals and hydration repulsion interactions, become
more important. However, in lower ionic strength environments (0.2 and 1.8 mM),
where short-range interactions are less effective, theoretical predictions deviate from
the experimental observations. This disagreement becomes amplified as ionic
strength decreases and is due to the distribution of vesicles with high probability of
being located far from the planar bilayer at low ionic strength. In other words, large
amount of signals are originated from the longer distance than evanescent wave depth
yielding deviation from theoretical calculations (Note that the integrations in Eq.5.12
and 5.13 are performed within the evanescent wave depth due to the definition of the
detection volume in TIR-FCS.)
In the case of negatively charged vesicle interactions with neutral planar
bilayer (Figure 5.3, open circles), we unexpectedly observed a charge-charge
repulsion trend. This indicates that the neutral bilayers have effective surface charge
densities that create electrostatic repulsion interactions with vesicles having a defined
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surface charge density from a constant lipid composition. Also, the effective surface
charge densities of neutral bilayers are dependent on ionic strengths. We calculated
the effective percentage of charged lipids (same as effective mole fraction of charged
lipids × 100%) that is proportional to effective surface charge density in the neutral
planar bilayer (Eq.5.10). Table 5.1 shows the calculated effective percentage of
charged lipids for high ionic strengths, where the theoretical predictions were valid
for our experimental setup. At 18.3 mM and 183.4 mM ionic strength, effective
percentage of charged lipids were ~1.2% and 7.5%, respectively. These effective
surface charges depending on ionic strength can be interpreted by charge
accumulations via anion adsorption to neutral planar bilayer (Garcia-Manyes et al.,
2005; Petrache et al., 2006). By increasing the salt concentrations, the amount of
adsorbed salt on bilayer surfaces is increased and the charge-charge repulsion
between two membranes is enhanced. These results conclude that vesicle dynamics
near neutral membranes can be controlled by altering ionic strengths with less
efficiency than with negatively charged membranes.

5.5.2 Comparison of results with theoretical interpretation proposes that lateral
diffusion of anionic lipids adjusts the dynamics of vesicles near negatively
charged planar bilayers
Surface potentials of vesicles and supported planar bilayers directly affect the
electrostatic repulsion energy (Eq.5.10). To theoretically understand how lipid
compositions of planar bilayers alter interactions with vesicles, we first calculated the
averaged diffusion coefficients for each experimental condition, using Eq.5.13. Van
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der Waals and hydration energy were maintained under the assumption that
characteristics of planar bilayers are not significantly different in our system. Table
5.2 shows measured and theoretically calculated diffusion coefficients of vesicles
near supported planar bilayer of varied lipid compositions at pH 7.4. With the highly
charged planar bilayers of 15 or 20% POPS, our theoretical expectations agree well
with experimental data.
However, for 5 and 10% POPS planar bilayers, calculated diffusion
coefficients diverge from observed values. Because the ionic strength was
maintained as 18.3 mM, this deviation can be explained by lower surface charge
densities in planar bilayers than expected (Eq.5.10). The surface potential decreases
and as a result, the proximity of vesicles increases via reduced charge-charge
repulsion, resulting in slower vesicle diffusion. Therefore, we calculated the effective
POPS compositions in the planar bilayer, using measured vesicle diffusion
coefficients. Since the surface potential of vesicles is constant, vesicle dynamics
reflect the surface properties of the planar bilayer. Table 5.2 shows that the
calculated POPS compositions in the planar bilayer are ~30% reduced compared to
expected values. The reduction of surface charge, while charged vesicles interact
with charged membrane, can be explained by the charge redistribution of a substrate
when a charged object approaches (Aranda-Espinoza et al., 1999). As a negatively
charged vesicles move toward the planar bilayer, the charged lipids (POPS)
experience a strong electrostatic repulsion force in the local area of the planar bilayer
and thus, they laterally diffuse away to compensate for the repulsion force. As a
120

result of the transient reduction of the charged lipid population in the local bilayer,
the vesicles get closer to the bilayer and the dynamics of vesicles are slower than
expected or calculated values. The driving force to redistribute the charged lipids in
the planar bilayer upon movement of the charged vesicles compete with the repulsion
force created in the plane of the bilayer by surrounding charged lipids. This
competition becomes amplified as the initial concentration of POPS molecules is
increased. Thus, there is no significant reduction in effective charge density of
supported planar bilayers with 15 and 20% initial POPS composition. As a control,
same series of experiments were performed with DMPS and DPPC. Due to the less
dynamic properties of DMPS and DPPS compared to POPS and POPC, the reduction
of the measured diffusion coefficients of vesicles near the bilayers with 5 and 10%
DMPS composition were not observed (data not shown).
At pH 4, where most lipids are neutral, the interactions between vesicles and
planar bilayer are stronger than between charged vesicles and neutral planar bilayer at
pH 7.4. A few possible reasons can be considered. First, not only the supported
planar bilayers, but also the vesicles, significantly lose their surface charge in an
acidic environment. Therefore the reduction of electrostatic repulsion is emphasized,
as compared to vesicles with preserved negative surface charges. Second, different
types of anions that eventually adsorb to the surface of neutral lipid bilayers can show
different amounts of charge accumulations and cause dissimilar repulsion forces. To
verify which mechanism creates these discrepancies, we also calculated the effective
percentage of charged lipids from measured diffusion coefficients at pH 4 (Table 5.3).
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The surface charge densities of vesicles and planar bilayers were assumed to be
identical due to protonations of POPS. Compared to the effective percentage of
charged lipids in the neutral supported planar bilayer at pH 7.4 (1.2%), 2.4–2.8%
effective percentage of charged lipid were obtained at pH 4 (note that at pH 7.4,
vesicles with 20 mol% charged lipids interact with neutral planar bilayer with 1.2%,
as compared at pH 4, both membrane systems have 2.4–2.8% effective percentage of
charged lipid). Because thinning effects of the Debye screening length for both
vesicles and planar bilayer in acidic buffers were already considered in our
calculation, this disagreement can be attributed to the different anions, such as
phosphate anions at pH 7.4 and acetate anions at pH 4, which adsorb to the bilayer
surfaces. Although higher effective percentage of charged lipids at pH 4 than that at
pH 7.4 is calculated, the possibility of incomplete protonation of acidic lipids in the
bilayers cannot be considered since we did not observe the vesicle diffusion
dependency on lipid compositions.

5.6 Conclusions
Using the hydrodynamic theory, which explains the relationship between
vesicle diffusion and the distance of vesicles from a planar membrane, we interpreted
the underlying mechanism of vesicle dynamics near a planar membrane. The
combination of great selectivity for dynamics only at the interface as well as
significant sensitivity of TIR-FCS, allows us to probe small vesicle dynamics near
planar membrane under controlled environments. Among time-independent
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interactions that decide the population distributions of vesicles, electrostatic
interactions were the most critical, especially in a low ionic strength environment.
When electrostatic repulsions governed vesicle-planar bilayer interactions, vesicle
mobility became faster. Under conditions at which van der Waals and hydration
interactions became more important, vesicles moved more slowly. While surface
charge densities of lipid bilayers were altered mainly by changing lipid compositions,
neutral bilayers also had a weak surface charge density that was created by adsorbed
anions. We also have shown that lipid lateral diffusion may alter vesicle dynamics.
These results indicate that vesicles do not simply move randomly near a membrane
surface, but rather diffuse in a tightly controlled manner to provide better efficiency
of fusion or fission processes. Furthermore, these studies afford experimental and
theoretical approaches to aid in understanding the mechanisms of molecular
machineries that perform fusion or fission processes, for example triggering fusions
and vesicle release.
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VI. Viscosity and macromolecular crowding effects on vesicle dynamics
near supported planar bilayers
Understanding the underlying mechanisms of vesicle diffusion near
membranes in crowded conditions can provide a comprehensive interpretation of
endocytosis, exocytosis and synaptic fusion under physiological conditions. This
Chapter describes the interactions of vesicles with supported planar bilayer under
crowded and highly viscous environments, as measured by TIR-FCS. By adding
glycerol to the small vesicle/planar membrane model system, the dynamics of
vesicles near planar bilayer were considerably reduced. The comparison of calculated
with measured vesicle diffusion coefficients showed that increasing the solution
viscosity with glycerol enhanced the attractive interactions of vesicles with planar
bilayers. In addition, we observed significantly reduced diffusion of vesicles in Ficoll
70 solutions indicating that increased viscosity and the excluded volume effect
(Schlarb-Ridley et al., 2005) can further reinforce the attractive interactions between
vesicles and planar bilayers. However, in Ficoll 70 solutions the excluded volume
effect rather slightly enhanced interactions, as opposed to the large viscosity effects
measured. In addition, in glycerol and Ficoll 70 solutions, vesicles showed
substantial changes in their interactions with negatively charged planar bilayer, in
contrast to neutral planar bilayer.
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6.1 Introduction
The interior of living cells is crowded with macromolecules such as proteins,
cytoskeletal filaments and nucleic acids. About 20–30 vol% of macromolecules
occupy cells and results in, a highly viscous environment as well as the excluded
volume effect that caused by steric repulsion (Han and Herzfeld, 1993; Zimmerman
and Minton, 1993). Traditional approaches to assess biomolecular interactions in
vitro are performed in very dilute environments (typically 100 times more dilute than
the cell interior) where macromolecular crowding effects are negligible (Ellis, 2001;
Ellis and Minton, 2003; Record et al., 1998; Wenner and Bloomfield, 1999).
However, there has recently been a great deal of evidence that interactions between
biomolecules are stronger when the concentration of background macromolecules is
significantly high (Ellis, 2001; Lindner and Ralston, 1997; Minton, 1997;
Zimmerman and Minton, 1993).
In Chapter 5, I discussed the underlying mechanism of vesicle interactions
with supported planar bilayers using TIR-FCS. Cells employ small vesicles to
exchange materials between organelles in the processes of endocytosis and
exocytosis. The interactions between small vesicles and membranes are critical in
these processes and can be divided into two stages, i.e. vesicles diffuse near a
membrane and fuse into the membrane. As previously emphasized in Chapter 5,
understanding the first stage is critical for comprehending interactions of vesicles
with membranes in biological processes overall. In this Chapter, we further
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investigated vesicle/membrane interactions under crowded environments to mimic the
cell interior.
To interpret the underlying mechanisms of vesicle/membrane interaction
under crowded conditions, we applied the same experimental method of TIR-FCS.
Due to the high selectivity for interface dynamics and high signal to noise ratio, TIRFCS provides the most suitable method for investigating interactions of vesicles with
supported planar bilayers. Glycerol as low molecular mass viscogens was introduced
to the model system to increase the viscosity of the surrounding medium. Due to its
small molecular size and ability to hydrogen bond with themselves and water
molecules, glycerol increases the viscosity of solutions without emphasizing excluded
volume effects (Schlarb-Ridley et al., 2005). In contrast to glycerol, Ficoll 70 has an
average molecular weight of ~74 kDa corresponding to ~55 Å hydrodynamic radius
(van den Berg et al., 2000). This high molecular mass viscogens increase not only the
viscosity of solutions, but also presents excluded volume effects (Minton, 1997;
Tokuriki et al., 2004; Wenner and Bloomfield, 1999). Therefore by applying Ficoll
70 to our model system, we are able to discuss macromolecular crowding effects,
including the excluded volume effect on vesicle interactions with planar bilayer.

6.2 Materials and Methods
The detailed preparations of vesicle solutions and planar bilayers are
discussed in Chapter 5. Glycerol (Fluka, Switzerland) was used to increase viscosity
of the medium surrounding vesicles and supported planar bilayers. To mimic the
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crowded environment, Ficoll 70 (Sigma, St. Louis. MO) was used. After planar
bilayers were prepared, the Tris-EDTA buffer (18.4 mM ionic strength) inside the
sample chamber was exchanged by washing with 3 mL of the desired glycerol or
Ficoll 70 buffers of same ionic strength. The vesicle solutions were also mixed with
glycerol or Ficoll 70 solutions to have desired final concentrations of 0%, 5%, 10%,
15%, 20%, or 25% glycerol (v/v%) and 0%, 3%, 6%, 9%, 12%, or 15% Ficoll 70
(v/v%). After the vesicle solution was applied into the sample chamber, VALAP was
used to seal it. The detailed theories and methods of confocal FCS and TIR-FCS are
described in Chapter 2–5. The same laser excitation and depth of the evanescent
wave were used as Chapter 5.

6.3 Results and Discussion
6.3.1 Conventional FCS probes relative viscosities of glycerol and Ficoll 70
solutions
Due to the Stokes-Einstein relationship (Eq.5.2), the diffusion of molecules is
inversely proportional to the viscosity of the surrounding medium. Using
conventional FCS method, which can provide the diffusion coefficients of molecules
in solutions, one can obtain the relative viscosity of a given solution (Gullapalli et al.,
2007). Figure 6.1 shows the representative FCS curves of rhodamine green dyes in
various Ficoll 70 solutions. The solid lines were obtained by fitting FCS curves using
Eq.5.1. As the Ficoll 70 concentration is increased, the decay of the autocorrelation
function shifts to longer times, indicating that the diffusion of rhodamine green is
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reduced due to increased viscosity. The detailed methods and background theory of
conventional FCS are described in Chapter 2 and Chapter 3. At 0% Ficoll 70
solution, the diffusion coefficients of rhodamine green and the viscosity of the
solution are known (see Chapter 3). Without changing any parameters of the FCS
setup, measured FCS curves of rhodamine green in various Ficoll 70 solutions reflect
the viscosities of the individual solutions. Therefore, by comparing the obtained
diffusion coefficients of rhodamine green, one can extract the relative solution
viscosities from each autocorrelated data. Table 6.1 shows the viscosities of various
Ficoll 70 solutions. Following the same method and trend, Table 6.2 shows
viscosities of various glycerol solutions. At the same vol%, Ficoll 70 solutions have
higher viscosity compared to glycerol solution i.e. 1.6 times higher viscosity at 15
vol%.

6.3.2 Increasing viscosity with glycerol enhances vesicle interactions with
neutral and negatively charged planar bilayers
To examine the viscosity effect on vesicle interactions near supported planar bilayer,
we carried out a series of experiments with various glycerol buffers. The surface
charge density of vesicles was maintained with a fixed composition of POPC (79.9
mol%), POPS (20 mol%), which has a net negative charge at pH 7.4 and diI-C16 (0.1
mol%). The diffusion coefficients of those vesicles near negatively
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Figure 6.1. Representative FCS curves of Rhodamine Green molecules in
various Ficoll 70 solutions. The arrow indicates the increase of Ficoll 70
concentrations, i.e. 0, 3, 6, 9, 12 and 15 w/v%. The circles represent
normalized raw data and the solid line indicates the fitted data. Inset shows
the diffusion coefficients of Rhodamine Green molecules versus the
concentration of Ficoll 70. The arrow indicates the increase of Ficoll 70
concentrations.
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Table 6.1. Measured and calculated diffusion coefficients of rhodamine green
in various Ficoll 70 solutions using FCS and calculated viscosities of each solution.

Ficoll 70
concentration
(w/v%)

Measured diffusion
coefficient
(× 10–6 cm2/s)

Viscosity (cP)

0

2.80 ± 0.18 (n = 31)

0.93± 0.08

3

2.35 ± 0.16 (n = 31)

1.12 ± 0.07

6

1.85 ± 0.05 (n = 31)

1.41 ± 0.04

9

1.53 ± 0.07 (n = 31)

1.70 ± 0.07

12

1.25 ± 0.06 (n = 31)

2.08 ± 0.08

15

1.06 ± 0.04 (n = 30)

2.46 ± 0.08

± indicates standard deviation.
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Table 6.2. Measured and calculated diffusion coefficients of rhodamine green
in various glycerol solutions using FCS and calculated viscosities of each solution.

Glycerol
concentration
(v/v%)

Measured diffusion
coefficient
(× 10–6 cm2/s)

Viscosity (cP)

0

2.83 ± 0.24 (n = 28)

0.93 ± 0.08

5

2.42 ± 0.10 (n = 31)

1.09 ± 0.05

10

2.08 ± 0.05 (n = 31)

1.26 ± 0.04

15

1.64 ± 0.03 (n = 31)

1.59 ± 0.03

20

1.35 ± 0.03 (n = 31)

1.93 ± 0.05

25

1.19 ± 0.03 (n = 31)

2.19 ± 0.10

± indicates standard deviation.
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charged planar bilayers composed of 80 mol% POPC and 20 mol% POPS and near
neutral planar bilayer with 100 mol% POPC were obtained for a range of glycerol
buffers using TIR-FCS. The ionic strength was maintained at 18.4 mM and the
glycerol concentrations were varied in the range of 0–25 v/v%. The glycerol
concentrations were chosen to not significantly alter the refractive index of the
medium (Borst et al., 2004).
Figure 6.2 shows the representative FCS curves of vesicles near negatively
charged supported planar bilayers with constant composition of 80 mol% POPC and
20 mol% POPS in various glycerol solutions. Circles show the function
autocorrelated from raw data and solid lines represent fitted data by Eq.4.3. The
arrow indicates an increase in viscosity of the surrounding medium. The measured
diffusion coefficients of vesicles near the negatively charged planar bilayer are shown
as circles in Figure 6.3.a as a function of glycerol concentration. As glycerol
concentration increased, vesicle diffusion decreased (Table 6.3). The degree of
reduction of log-scaled vesicle mobility versus glycerol concentration was [–2.31 ±
0.06] × 10–2%–1. The same trend, but with a slower decrease in slope of [–2.05 ±
0.08] × 10–2%–1 was observed with neutral planar bilayer (Fig. 6.3.b and Table 6.3).
The results indicate that vesicle interactions with negatively charged membrane are
sensitive to viscosity changes of the surrounding medium than with neutral
membrane.
Hydrodynamic effect also reduces vesicle diffusion when solution viscosity is
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Figure 6.2. Representative TIR-FCS curves of vesicles near planar bilayers
with 20% POPS and 80% POPC compositions in various glycerol solutions,
i.e. 0, 5, 10, 15, 20 and 25 v/v%. The circles indicate the normalized raw data
and the solid lines show fitted data. The arrow indicates the increase of
glycerol concentrations.
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increased. Therefore, to extract the viscosity effects on vesicle interactions with
planar membranes and to eliminate the hydrodynamic effect, the expected diffusion
coefficients of vesicles near the planar bilayers were calculated. The previously
obtained relative viscosities of various glycerol solutions from conventional FCS
were used to calculate the expected diffusion coefficients via the Stokes-Einstein
relationship. These calculated diffusion coefficients were calibrated to yield the same
diffusion coefficients of vesicles near the planar bilayers in the absence of glycerol as
measured by TIR-FCS.
Figure 6.3.a shows the comparison between measured diffusion coefficients of
vesicles near negatively charged planar bilayer and the diffusion coefficients
calculated from the measured relative viscosities. The open circles represent the
calculated diffusion coefficients. Figure 6.3.b shows the same comparison, but with
neutral planar bilayer. The measured diffusion coefficients of vesicles near both type
of planar bilayer show deviations from the calculated diffusion coefficients and
indicate that the diffusion of vesicles were more hindered than expected (Table 6.3).
The deviations are emphasized as the viscosity is increased for both planar bilayers.
The increase of viscosity near the negatively charged planar bilayer was 1.5 times
steeper than that of the bulk viscosity obtained from conventional FCS. For neutral
planar bilayer, the slope of the diffusion coefficients of vesicles near the bilayer
versus glycerol concentration was 1.3 times steeper than that of vesicles in bulk
solution. Therefore, the viscosity increase by glycerol not only reduces the diffusion
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Figure 6.3. Comparison of measured and calculated diffusion coefficients of
vesicles near planar bilayers in various glycerol solutions. (a) Measured
diffusion coefficients of vesicles near the negatively charged planar bilayer with
compositions of 20 mol% POPS and 80 mol% POPC are shown as closed circles
and open circles show the calculated diffusion coefficients. (b) Closed and open
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Table 6.3. Measured diffusion coefficients of vesicles near supported planar
bilayer under various glycerol concentrations.
Glycerol
concentration
(v/v%)

Measured diffusion coefficient
near neutral planar bilayer
(× 10–8 cm2/s)

Measured diffusion coefficient
near negatively charged planar
bilayer (× 10–8 cm2/s)

0

5.08 ± 0.18 (n = 14)

5.57 ± 0.18* (n = 22)

5

4.13 ± 0.13 (n = 16)

4.31 ± 0.14* (n = 13)

10

3.41 ± 0.12 (n = 15)

3.44 ± 0.12* (n = 16)

15

2.54 ± 0.05 (n = 15)

2.56 ± 0.09* (n = 12)

20

2.00 ± 0.08 (n = 15)

1.96 ± 0.06* (n = 19)

25

1.60 ± 0.07 (n = 21)

1.48 ± 0.03* (n = 15)

± indicates standard deviation.
*
p < 0.05 indicates a statistically significant difference in the diffusion
coefficients as compared to paired samples of vesicles diffusion close to neutral
bilayer.
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of vesicles near the planar bilayer but also enhances the attractive interactions of
vesicles with membrane. In addition, the reinforcement of attractive interactions
between two membrane systems becomes stronger as the glycerol concentration
increases.

6.3.3 Enhanced viscosity more strongly influences vesicles interactions with
neutral and negatively charged planar bilayers than the excluded volume
effect of Ficoll 70

To investigate macromolecular crowding effects, including both viscosity and
the excluded volume, on vesicle dynamics near planar bilayers, a series of
experiments were performed with various Ficoll 70 solutions. The same vesicle and
planar bilayer lipid compositions were used as previously described (see Chapter
6.2.2). The diffusion coefficients of vesicles near planar bilayers were obtained over
a range of Ficoll 70 buffers using TIR-FCS. The ionic strength was maintained as
18.4 mM and the Ficoll 70 concentrations were varied in the range of 0–15 w/v%.
The Ficoll 70 concentrations were chosen not to significantly alter the refractive
index of the medium (Roos et al., 1983).
The diffusions of vesicles near both negatively charged and neutral planar bilayers
were decreased as the concentration of Ficoll 70 was increased (Table 6.4). The logscaled measured diffusion coefficients of vesicles versus Ficoll 70 concentrations
were shown as closed circles in Figure 6.4. The same trends obtained in glycerol
solutions were observed here as well. Upon changing the Ficoll 70 concentration the
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change in the diffusion coefficient of vesicles near negatively charged planar bilayer
showed a slope of [–4.77 ± 0.18] × 10–2%–1 (Fig. 6.4.a). With neutral planar bilayer
the slope was [–4.40 ± 0.15] × 10–2%–1 (Fig. 6.4.b). This indicates that the dynamics
of charged vesicles near negatively charged planar bilayers are more sensitive to
changes in the Ficoll 70 concentration than near neutral planar bilayers and thus
vesicle dynamics can be dramatically altered by local concentrations of
macromolecular crowding reagent.
Open circles in Figure 6.4 show the calculated viscosity effects from adding
Ficoll 70 to the surrounding medium. Upon Ficoll 70-induced viscosity changes, the
expected diffusion coefficients were calculated from the measured relative
coefficients and calibrated using the same method applied to vesicle/membrane
interactions in glycerol solutions. The slope of measured diffusion coefficients for
neutral planar bilayers was 1.5 times steeper than that of calculated diffusion
coefficients. Compared to neutral membranes, vesicle diffusions near negatively
charged lipid bilayer decreased 1.7 times faster than calculated vesicle diffusions.
The results imply that the reduction of vesicle diffusion near the planar bilayers is
caused by both enhanced attractive interactions between two membrane systems and
hydrodynamic interactions (Stokes-Einstein relationship) due to increased viscosity.
In addition, compared to the previously discussed results of glycerol solution (see
section 6.3.2), the effects of Ficoll 70 on vesicle interactions with planar bilayers
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Table 6.4. Measured diffusion coefficients of vesicles near supported planar
bilayer under various Ficoll 70 concentrations.
Ficoll
Concentration
(w/v%)

Measured diffusion coefficient
near neutral planar bilayer
(× 10–8 cm2/s)

Measured diffusion coefficient
near negatively charged planar
bilayer (× 10–8 cm2/s)

0

5.08 ± 0.18 (n = 14)

5.57 ± 0.18* (n = 22)

3

3.90 ± 0.10 (n = 21)

3.91 ± 0.20* (n = 14)

6

2.95 ± 0.19 (n = 24)

3.01 ± 0.14* (n = 17)

9

2.25 ± 0.08 (n = 18)

2.21 ± 0.11* (n = 21)

12

1.38 ± 0.10 (n = 18)

1.43 ± 0.09* (n = 18)

15

1.11 ± 0.06 (n = 23)

1.02 ± 0.09* (n = 25)

± indicates standard deviation.
*
p < 0.05 indicates a statistically significant difference in the diffusion
coefficients as compared to paired samples of vesicles diffusion close to neutral
bilayer.
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were stronger than those of glycerol. This result indicates that the excluded volume
effect of Ficoll 70 further enhances the attractive interaction of vesicles with planar
bilayer.
To characterize the excluded volume effect of Ficoll 70 on vesicle dynamics
near planar bilayer separately from viscosity effects, relative viscosities of various
glycerol and Ficoll 70 solutions were employed to plot Figure 6.5. The measured
diffusion coefficients of vesicles near neutral and negatively charged planar bilayers
in glycerol and Ficoll 70 solutions were re-plotted and fitted as a function of relative
viscosities. Due to the small hydrodynamic radius of glycerol molecules (~2.7 Å
(Tang and Bloomfield, 2000)) compared to that of the vesicles (~25 nm), we assume
that glycerol only changes the viscosity of the solutions and applies negligible
excluded volume effect. Therefore, the extra reduction of vesicle motion near the
planar bilayer observed in Ficoll 70 solutions can be explained by the enhanced
attractive interactions between vesicles and planar bilayer, caused by the excluded
volume effect. In Figure 6.5.a closed circles indicate vesicle diffusion near
negatively charged planar bilayers in Ficoll 70 solutions and open circles represent
the diffusion in glycerol solutions. The slope of the log-scaled diffusion coefficients
versus the relative viscosities for Ficoll 70 solutions is 1.2 times steeper than for
glycerol solutions. In the case of near neutral planar bilayers (Fig. 6.5.b) as relative
viscosity increased, vesicle diffusion decreases 1.10 times faster in Ficoll 70 solutions
than in glycerol solutions. The results indicate that the vesicle’ interactions with
planar bilayers were relatively less enhanced by the excluded volume effect than by
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Figure 6.4. Comparison of measured and calculated diffusion coefficients of
vesicles near planar bilayers in various Ficoll 70 solutions. (a) Measured
diffusion coefficients of vesicles near the negatively charged planar bilayer with
compositions of 20 mol% POPS and 80 mol% POPC are shown as closed circles
and open circles show the calculated diffusion coefficients. (b) Closed and open
circles indicate measured and calculated diffusion coefficients near the 100 mol%
POPC bilayer, respectively.
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the viscosity effects, which showed 1.7 and 1.5 times steeper slopes for negatively
charged and neutral planar bilayer, respectively. This can be explained by the
hydrodynamic radius of the vesicles relative to Ficoll 70. Tokuriki et al. (2004) found
that when the size of background macromolecules is smaller than that of the target
molecules, negligible macromolecular crowding effects were observed. Because the
hydrodynamics radius of Ficoll 70 is ~5 times smaller than that of vesicles (~50 nm),
the excluded volume effects on vesicle/planar bilayer interactions were not
significant.

6.4 Conclusion
In this Chapter, we have provided experimental evidence of significant
macromolecular crowding effects on vesicle interactions with supported planar
bilayers. The effects of viscosity on the interactions were clearly observed with both
glycerol and Ficoll 70 reagents. A higher sensitivity to viscosity change was
exhibited by negatively charged planar bilayer than by neutral planar bilayer. With
Ficoll 70, we observed high viscosity effects, but less significant excluded volume
effects on enhanced vesicle/planar bilayer interactions by comparison with results in
glycerol environments. Therefore our results propose that the interactions of small
vesicles with membranes are favored in vivo when they are not in direct contact with
one another during endocytosis and exocytosis due to the crowded environment
inside cells. In addition, high viscosity rather than the volume exclusion is the major
effect to enhance the vesicle/membrane interactions.
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VII. Concluding Remark
In this Dissertation, I developed a custom-designed multi-modal microscope
and applied it to study membrane dynamics in model membrane systems. This
approach integrates conventional DIC and wide-field epi-fluorescence microscopy
with quantitative laser-based epi- and TIR fluorescence microscopy, FCS and SPT.
Dynamic HOT enables the manipulation of nanoparticles non-invasively, while using
the other microscopy modalities (Chapter 3).
Using a combination of TIR-FCS and optical trapping, we demonstrated the
diffusion of single polystyrene nanoparticles in potential wells near various surfaces.
We observed the effect of different surface treatments on the diffusion of PS particles
near these surfaces using TIR-FCS that can selectively measure the dynamic
properties of PS only near the surfaces. Electrostatic interactions and other
nonspecific interactions affected the dynamics of particles. We trapped individual
particles using optical trapping near the surfaces and the diffusion properties of
trapped single particle were measured by TIR-FCS. In the presence of a trapping
potential well, the average single particle position became closer to the surface, thus
slightly retarding particle diffusion (Chapter 4).
We interpreted the underlying mechanism of vesicle dynamics near a planar
membrane using a combination of hydrodynamic and DLVO theory. The previously
demonstrated sensitivity and selectivity of our TIR-FCS allowed us to probe small
vesicle dynamics near planar membrane under controlled environments. Electrostatic
interactions between vesicles and planar bilayer significantly affected the dynamics of
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vesicles compared to other interactions, such as van der Waals and hydration
interactions. The average distance of vesicles to negatively charged planar bilayer
was significantly altered by changing ionic strength. Interestingly, neutral planar
bilayers also showed a weak surface charge density, which was interpreted as by
anion adsorption by lipid head groups. In addition, we showed that vesicles/planar
bilayer interactions can be altered by later diffusion of lipids in the planar bilayer.
Taken together, we propose that vesicles do not randomly diffuse near a membrane
surface before they fuse into or after they are pinched off from membranes and
diffuse in a tightly controlled manner to avoid random events and to provide better
efficiency of membrane interaction in vivo (Chapter 5).
To study the interaction of vesicles with planar membranes under more
physiologically mimicked cellular environment, we applied crowding reagents, i.e.,
glycerol and Ficoll 70. With these reagents, we observed considerable viscosity
effects and significant macromolecular crowding effects on vesicle interactions with
supported planar bilayers. Results indicated that vesicle interactions with negatively
charged bilayer were more sensitive to viscosity changes than with neutral planar
bilayer. Compared to glycerol, Ficoll 70 further enhanced vesicle/bilayer
interactions. Therefore we propose that the interactions of small vesicles with
membranes are favored in vivo when they are not in direct contact with one another
during endocytosis and exocytosis due to the crowded environment inside cells
(Chapter 6).
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Taken together, our research demonstrates that our multi-modal microscope
offers single molecule sensitivity and noninvasive manipulation to study single
molecule events on surfaces and that this approach is useful for biological
investigations. Using the combined techniques to overcome the limit of individual
techniques, we offer experimental and theoretical approaches to aid in understanding
the mechanisms of molecular machineries that perform fusion or fission processes.
Furthermore, by mimicking the cellular environment with crowding reagents, we
propose that these experimental approaches provide broadly applicable and
straightforward methods for investigating the membrane surface interactions.
Chapter 7 describes a possible future research plan for applying our approach to an
expanded biological system that includes membrane proteins mediating membranemembrane interactions.
Along with the studies described herein, several projects that were not
included in this thesis have been pursued. First, Kanika Vat and I characterized the
lipid phase properties of patterned planar membranes, using FCS. The patterned
bilayer showed a mixture of gel and fluid phase lipids that could not be resolved with
simple fluorescence microscopy. (This work will be reported in the thesis of Kanika
Vat) In collaboration with Dr. Mary Beth Williams (Pennsylvania State University,
Chemistry) and my colleagues, Christal Lee and Angel Davey, I worked on
developing monovalent Quantum Dot-dsDNA-lipid conjugates for interrogating the
dynamics of single plasma membrane-associated molecules. I successfully
accomplished conjugating ssDNA to lipids, however, we were not able to obtain QD146

ssDNA or QD-dsDNA-lipid conjugates. In collaboration work with Dr. Andrew
Ewing (Pennsylvania State University, Chemistry) and Daniel Eves, we used
conventional FCS to measure the dimension of lipid nanotubes, which serves as
mimics for exocytotic fusion pore and are smaller than the diffraction limit of optical
microscopy. Due to the difficulty of producing lipid nanotubes and the numerous
number of parameters required to fit the data, conclusive results could not be obtained
for this project. As part of ongoing collaboration with Dr. Ahmed Heikal
(Pennsylvania State University, Bioengineering) and Dr. Michael Edidin (Johns
Hopkins University, Biology), Florly Ariola and myself investigate the translational
motion, rotational motion and lifetime decay properties of MHC I proteins in the ER
and plasma membranes under various conditions.
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Appendix A
Protocol for Argon Ion Laser Startup and Shutdown Procedures
Startup
1. Check the water level BEFORE turning on the laser chiller; it should be filled to
just above the floater in the reservoir. If water needs to be added, use nano-water.
2. Turn on chilled water Supply (right) and Return (left) valves on the wall to the left
of the chiller. The Supply valve should not be opened all the way, but only to the
black line marked on the supply pipe.
3. Turn on the chiller by pushing the main switch to the right. (The chiller should
read around 20°C.)
4. Fill out the Laser Log Notebook. Orange safety glasses (specific for argon laser
lines) are on the shelves. Remove watches and all jewelry (rings, bracelets), which
can lead to errant reflections and blind you. Also, never, ever look down the laser
path.
5. Then turn the key on the laser power supply to the “standby” position.
6. Press the “on” button on the remote control box (on the shelf by the laser). Presto!
After 50 s, you will have ignition. Make sure the Ti:sapphire opening is blocked
before opening the Ar-ion laser head. Open the aperture on the laser head and set the
aperture to the correct position for the TEM00 mode (see below). Let the laser warm
up like this at 30 A for at least 15 minutes in current mode.
7. To peak the power, turn on, zero and place the power meter in the beam so that the
beam passes through the center of the power meter for an accurate reading.
Maximize the power, starting with slowing moving the upper (vertical) knob on the
back of the laser first. Then move to the lower (horizontal) knob for further
maximizing and finally back to the first knob for a final tweak.
8. In current mode, increase the current to 50 A and record the power in the Laser
Log Notebook (should have > 6 W of power at this current). Be sure to also record
the wavelength at which the power was measured. (NOTE: This step will allow us to
see when the optics inside the laser head should be cleaned.) After recording this,
switch to the light mode and use the lowest stable power possible for your experiment
(typically decrease to ~12 A to give a power of ~300 mW for FCS and epi), recording
this power and all introduced ND filters and optics in your notebook.
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Current aperture settings for TEM00 mode: 488 nm = 8; 514 nm = 10; Ti:sapphire =
12.
NOTE: Never, ever place anything on the laser head because that will disturb the
alignment within the head.
NOTE: It will take ~1 hr. from initial startup for the laser to stabilize for use in an
experiment. Also note that the laser should be the first on and last off to avoid
voltage spikes on more sensitive equipment.
NOTE: Periodically the laser chiller water will need to be changed; when this
happens, add predissolved chloramine T in nano-water to inhibit growth (use ~1.5 g
of chloramine T in 1.8 L of nano-water). Make a note of this in the Laser Log
Notebook.
NOTE: If the water temperature or water flow interlock lights light up on the laser
remote control box or the laser cuts off unexpectedly, the 25 µm water filter may
need changed. Replacements are located under the optical bench (buy replacements
from Lowes). Clean out the filter holder and lubricate the o-ring with a bit of
Vaseline. Add replacement nano-water to the reservoir when finished. Make a note
of this filter change in the Laser Log Notebook.
NOTE: See the laser chiller manual from Affinity for specific instructions to follow
if troubleshooting problems with the chiller becomes necessary.
Shutdown
1. Please be sure to turn off other equipment (e.g., the power meter, microscope, etc.)
and clean up before finishing for the day.
2. Close the aperture on the laser head. Turn off the remote control box. Turn the
key on laser power supply to “laser off”. Allow the water to run for ~5 min until the
inlet and outlet on the power supply feel cool. (Do not allow the laser chiller to run
for more than 10 min or so with the laser off, to prevent condensation forming in the
laser power supply and shorting out the electronics.) Then, turn off the laser chiller
and close off the chilled water Supply and Return valves.
3. Carefully cover all optics with plastic baggies to protect from dust. Fill out the
Laser Log Notebook. Please be sure to note the time on/off, the total number of hours
on the laser tube, the experiment done and any other comments.
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Appendix B
Protocol for Ti:Sapphire laser Startup and Shutdown Procedures
Start up
1. Check whether the Ti:Sapphire chiller water need to be replaced. If water needs to
be replaced, use distilled water with 5% EtOH.
2. Turn on the argon ion laser. Set to aperture 12. Don’t forget to block the laser
beam right after the output window of the argon ion laser.
3. After warming up of argon ion laser for 1 hr, peak the power.
4. Reduce the argon ion laser’s power to ~100 mW.
5. Turn on the Ti:sapphire laser chiller.
6. Direct the argon ion beam into the Ti:sapphire laser by flipping down M1,
removing a blocker and opening the argon ion laser shutter.
7. Read the output power of Ti: sapphire laser from power meter placed after the exit
port off the Ti:Sapphire laser while increasing argon ion laser power (usually
more than 5.7 W are enough to see the lasing). 50 Amps of argon ion laser is the
maximum current that you can use. However, 49 Amps is better because then
light mode can be used so that the power and the pumping beam path will be
stabilized. You will use this current to peak the power.
8. To peak the power, there are 3 different knobs,
i) Tilt plate vertical tilt (named as K1 on the Knob) adjust
ii) Pumping mirror P3 vertical tilt (named as K2 on the Knob) adjust
iii) Pumping mirror P3 horizontal tilt (named as K3 on the Knob)
adjust
NOTE: Please do not touch “i) Tilt plate horizontal tilt adjust”. Please do not turn
knobs together.
Once you obtain the highest power from turning one knob you can start with
another knob. Repeat these steps to achieve the highest power. The highest power is
different for each wavelength.
1. Check the wavelength of the Ti:Sapphire laser with the table, “Birefringent Tuner
Calibration Information” which is in the manual. With turning the birefringent filter
adjust, you can select the wavelength that you want. Once you finish selecting the
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wavelength, please repeat step # 8 again so that you can obtain the highest power at
that wavelength. Please don’t select the wavelength first and then peak the power.
You may lose lasing completely.
2. The Ti: sapphire power will be controlled by use of ND filters and the power of
argon ion laser.
Shut down
1. Reduce the power of argon ion laser to 30 Amps.
2. Place a blocker in front of output window of argon ion laser.
3. Turn off the Ti:sapphire laser chiller.
4. Close the shutter at the argon ion laser head and turn off the argon ion laser.
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Appendix C
Protocol for prism-based total internal reflection
You must prepare a special sample to examine prism based TIR-illumination. The
first part of this protocol explains the sample prep and the second part explains the
alignment.
Sample preparation
1. Apply an ~1 inch long strip of double sticky tape to each of the long sides of a
slide glass. The strips of tape should be fairly thin to allow space between the strips
for the sample solution later.
2. Drop about 5 µL of pre-made DiI EtOH solution (50~200 µM) (stored in -20°C
freezer) onto a clean cover glass and spread the drop with the pipette tip.
3. Before the EtOH solution dries, wash the surface of the cover glass with water.
You will still be able to see the DiI stain at the surface of the cover glass.
4. Next, apply the cover glass, diI-side down, to the slide glass prepared in step #1 to
make a sandwich.
5. Fill the space between the two glasses with water.
6. Seal all four sides of the sample with clear nail polish.
NOTE: One can alternatively use fluorescent beads sample described in Appendix D.
Startup electronics
1. Start up HeNe laser or argon ion laser - refer to the Appendix A for the argon ion
laser.
2. Turn on the LEP controller and the computer, Golgi.
3. Turn on the shutter for HeNe or argon ion laser.
4. Turn on CCD.
Alignment procedure
NOTE: For the alignment procedure, A, M, L, B, f and cf refer to aperture,
mirror, lens, beam expander, filter and color filter, respectively. All of the
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mirrors, lenses, beam expanders and color filters on our optical bench are
numbered as Mi, Li and Bi (i = number) directly on the holder of each optic.
To use HeNe laser excitation:
1. Turn on the HeNe laser that you want (We have three options: 543 nm, 594 nm
and 633 nm) by turning a key.
2. For example, to use the 543 nm HeNe, M16, which is directly in front of the laser
output, must be flipped up. M15 and M14 should be down. M15 and M14 need to be
up for the 594 nm and 633 nm lines, respectively. The laser beam is now directed to
the shutter.
4. Flip up M12, M3 and M4. The rest of flippable mirrors should be down.
5. Flip the switch from n.c. to n.o. on the appropriate shutter controller to open the
shutter. You should see the green light pass through the shutter and hit each mirror
that is flipped up. If B2 is in the post, remove B2 from its post.
NOTE: B2 is needed only for epi-FCS.
5. Adjust the knobs of M12 to make the beam to pass through the A5.
6. Adjust the knobs of M4 to pass the beam through the center of L5.
NOTE: L5 and L6 are basically a telescope to expand the beam diameter, ~3 times.
7. Adjust the knobs of M3 to pass the beam through the center of L6. Repeat step # 6
and # 7 until the beam passes through both lenses’ center (L5 and L6). After this
step, please contiune with # 9 on the next page.
NOTE: Only when the beam passes through both apertures can the system be
perfectly aligned. → Go to # 9.
To use argon ion laser excitation:
1. First, please look at the protocol for argon ion laser startup in Appendix A.
2. M1must be flipped up before you open the shutter for the argon ion laser. NOTE:
If the M1 is flipped down, the beam will go to Ti:Sapphire laser and can damage the
Ti:Sapphire crystal.
3. First, reduce the laser power till ~250 mW. Next, open the shutter using shutter
controller next to the microscope. (Each shutter controller is named.) Add 1.0 ND in
f1.
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4. For 488 nm excitation, the color filter, 488 cf1 must be up and for 514 nm
excitation, 514 cf1 must be up to properly filter the multi-line beam. If there is B1 in
the B1 post, then please remove it.
5. Flip down M3 and flip up M4 to direct the beam to L5 and L6. If the beam hits
the edge of M4, then adjust M2 to direct the beam not to hit the edge of M4 and pass
through the center of the L6.
6. The beam must pass through L5 and L6. To do this, follow # 7 and # 8.
NOTE: L5 and L6 are basically a telescope to expand the beam diameter, ~3 times.
7. Adjust the knob of M4 to pass the beam through the center of L5.
NOTE: Only when the beam passes through both lenses’ center can the system be
perfectly aligned.
8. Adjust the knob of M2 to pass the beam through the center of L6. Repeat steps # 7
and # 8 until the beam passes through both apertures.

Follow these steps for both HeNe and argon ion laser excitation:
9. Place and position L7 at the L7 post (located near the sample stage of our
microscope and next to the red HeNe). There is a pink mark at the lens post and the
post holder to designate the crude position of L7.
10. If the beam is not passing through the center of L7, then adjust the knob for M21.
11. Place the prism in the prism holder. (The prism is in the black tool box under the
optical bench.) On the top of the sample stage, you will see an aluminum holder that
has several screw holes. The second screw holes from the bottom are the ones that
provide the proper height of the prism. (Screws are located near the joystick in the
optical table.) Don’t slide the prism down on its holder all the way (you will have
some free space to move the prism up and once you attach it).
12. Place the desired objective under the sample stage.
NOTE: For P-TIR, there is no restriction for objective if you are using 24x50 mm
No.1 cover glass instead of slide glass (step # 4) for your sample preparation.
Depending upon your experiment, you can choose any objectives that we have.
However, if you are using a slide glass, due to the working distance of the objective,
you must use only 40x water immersion objective lens.
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13. Once you mount the DiI sample on the stage (cover slip will be in contact with
the prism, so the sample will be cover slip side up), add a drop of glycerol to the top
of the cover slip. (You are going to use a plastic pipette. If you cut out the thin tip
part, it will be easier to draw up glycerol.) Then, slowly lower the prism position to
make contact with the glycerol.
14. Now you should see the beam totally internally reflected at the interface of the
cover slip (please refer to the Figure 2.3 a.). If the beam is totally reflected, then you
must see the beam hitting the left-side wall of the room. The beam shape should be
round. If you don’t see it, adjust the up and down position of L7 using the
micrometers at the x,y,z microstage (there is only one x, y, z microstage near the
sample stage of our microscope). You need to adjust the lower micrometer beneath
the microstage to move the L7 up or down.
15. When you finally see total internal reflection, look at the sample through the
eyepiece. Check the filter cubes according to your excitation. If you see orange
illumination, that is the fluorescence of the DiI sample excited by the evanescent
wave.
16. If you don’t see the orange illumination,
i) then move the position of L7, up or down to bring the illumination area to
the field of view. You may see several of ovals of different intensity. The brightest
one is the main TIR illumination that you want to use. This time, it is fine adjustment
by turning the same micrometer that you used at step # 14. This is for adjusting the
position of illumination along the beam path.
ii) Also you can gently twist the bigger knob of M21 to center the illumination
area while you are checking it through the eyepiece. This adjustment is for moving
the position of illumination along the axis at the right angle of the beam path. (As
alternative procedure, same adjustment can be done by sliding L7 in and out from the
post of L7.)
iii) If you still don’t see it, then the z-focus of the eyepiece on the interface
may be out.
NOTE: At this moment, you need to make sure that the beam still passes through the
center of L7. To move beam up and down at the L7, the smaller knob of M21 need to
be adjusted. Don’t forget that once you change the beam path by adjusting M21, the
illumination area from the field of view will be mislocated. Therefore, you need to
repeat i), ii) and iii) again.
17. Check the illumination shape. If you see oval-shaped illumination, then it is
good. If you see streak-shaped illumination, then you need to adjust the angle of L7
by twisting the L7. Figure A1. a and A1. b show the oval- and streak-shaped
illumination, respectively.
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18. You can adjust the illumination area by changing the distance of L7 from the
prism with the micrometer on the right of the microstage.
NOTE: if you want to change the depth of the evanescent wave, you need to adjust
the height of M21 by turning its knob to change the incident angle of the beam.
Procedure for removing the prism
1. Slowly and carefully tilt the upper part of microscope (condenser and
transmittance light) toward backward to detach the prism from the sample.
2. Take couple of lens paper and wipe the glycerol from the prism while the prism is
still attached to the holder.
3. Take couple of new lens paper and wet them with EtOH (no dropping EtOH from
the paper, just little wet).
4. Wipe the residual glycerol out from the prism. Try not to dissolve the glue
between prism and the aluminum holder. Make sure that there is no residual glycerol
on the prism.
5. Take out the screw and place prism to the black box.
Shutdown procedure for other electronics
1. Turn off CCD.
2. Turn off HeNe laser or argon ion laser according to Appendix A.
3. Turn off other electronics, such as the LEP controller, laser shutter and the
computer.
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Figure A1. P-TIR illumination at DiI on glass surface. (a) An oval shape of
illumination when the beam hits the L7 with right angle. (b) A streak shaped
illumination. The incident angle of beam should be adjusted to make (a) shape
of illumination. NOTE; this is the CCD image; the view at the eyepiece is
rotated 90°. Scale bar, 10 µm
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Appendix D
Protocol for objective-based total internal reflection
You must prepare a special sample to examine objective-based TIR-illumination.
The first part of this protocol explains the sample prep and the second part explains
the alignment.
Sample preparation
1. Apply an ~1 inch long strip of double sticky tape to each of the long sides of a
slide glass. The strips of tape should be fairly thin to allow space between the strips
for the sample solution later. Apply a cover slip to make a sandwich.
2. Dilute “FluoSpheres carboxylate-modified microspheres (F8811, Molecular
probes)” ~1000× with water and add about 50 µL to the space between the sandwich
and seal with nail polish. (FluoSpheres are in the refrigerator in 327C.)
NOTE: Alternatively one can use the DiI sample described in Appendix C as well.
However, the examination of evanescent wave of objective-based TIR is more critical
than prism-based TIR due to the greater chance that you may have incomplete
evanescent wave, that is there may be the mixture of evanescent wave and large
amount of epi-illumination with objective-based TIR. The beads sample will provide
better sense to decrease epi-illumination amount (for the detail, please see # 12 and
the NOTE).
NOTE: Only the argon ion laser can currently be used for objective-based TIR due to
the current filter cubes (for 488 and 514 nm excitation).
Startup electronics
1. Please look up Appendix A to turn on argon ion laser.
2. Turn on the LEP controller and the computer, Golgi.
3. The power of the shutter’s controller for the argon ion laser.
4. Turn on the CCD.
Alignment procedure
NOTE: For the alignment procedure, A, M, L, B, f and cf refer to aperture,
mirror, lens, beam expander, filter and color filter, respectively. All of the
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mirrors, lenses, beam expanders and color filters on our optical bench are
numbered as Mi, Li and Bi (i = number) directly on the holder of each optic.
1. M1 should be flipped up before you open the shutter for the argon ion laser.
NOTE: If the M1 is flipped down, the beam will go to the Ti:Sapphire laser and can
damage the Ti:Sapphire crystal.
2. For 488 nm excitation, 488 cf1 must be up and for 514 nm excitation, 514 cf1
must be up to properly filter the multi-line beam.
3. First, reduce the laser power to ~250 mW. Add 2.6 ND filter in f1. Remove B1.
Next, open the shutter using the shutter controller next to the microscope (each
shutter controller is named).
4. M3 and M4 should be flipped down and M5 flipped up to direct the beam toward
L4.
NOTE: L4 expands the beam waist to enlarge the TIR illumination area.
5. The beam must pass through the center of A10 (A10 can be out from the post
holder due to FCS, then please plug it into the post holder back) and A4. To center it,
adjust the knobs of M2 for A10 and M5 for A4, going back and forth.
6. If the custom-built double dovetail adaptor is in the mount beneath the objective
turret, then remove the adaptor.
7. Slide the desired dichroic mirror cube under the objective from the left hand slide.
Now the beam bounces toward the objective lens turret. (all of the dichroic mirrors
are in the mirror box on the bench in the microscope room. You have two choices for
488 (Q497LP) and 514 (Q525LP) nm excitation.).
8. Move the 100 ×, 1.45 NA oil immersion objective into the position for imaging.
9. Add immersion oil to the top of the objective lens and put your sample on the
sample stage.
NOTE: The cover slip should touch the immersion oil because your sample, such as a
supported planar bilayer, is located at the cover glass/buffer interface.
10. By turning the top knob of L8 counter clockwise, till you see green line of
emission. If you look through the eyepiece when you don’t have TIR illumination,
you will see very bright emission. Keep turning L8 counter clockwise until you no
longer see the bright background.
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11. Now you are looking for the evanescent illumination. You will see dark
background and beads jiggling near the surface when the beam is lowered enough and
totally reflected at the interface of the cover glass and water solution (Don’t forget
that you need to make a focus near the interface). At this moment, due to the shallow
depth of the evanescent wave, you will only actually see the beads jiggling and the
attached small beads at surface at limited z-positions of the sample stage. If you over
turn the knob counter clockwise, then you will loose the evanescent wave.
NOTE: Objective-TIR provides the mixture of evanescent wave and very little
amount of non-evanescent wave. Therefore, once you have the evanescent wave, you
can still see very weak signals of beads far from the surface. This non-evanescent
wave illumination dramatically decreases when you have the best evanescent wave
and thus, you will obtain great signal to noise ration and spatial resolution.
NOTE: If you have an impure evanescent field, you will see the beads on a bright
background. In this case, you need to lower the beam position further until you don’t
see the bright background using L8.
NOTE: The illumination area of evanescent wave may not be centered with eyepiece
or CCD. Then you can rotate the knob (*) on M23 and adjust the top knob of L8 to
move the streak over to the left.
NOTE: If you see a streak which is a mix of evanescent wave and epi excitation at
the left side of TIR illumination, then rotate the knob (*) on M23 and adjust the top
knob of L8 to move the streak over to the left. Therefore you can move away the
streak as much as possible out from the CCD view.
Shutdown procedure for electronics
1. Turn off CCD.
2. Turn off argon ion laser following Appendix A.
3. Turn off other electronics, such as the LEP controller, laser shutter and the
computer.
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Appendix E
Protocol for fluorescence correlation spectroscopy
NOTE: The PMT is a very sensitive detector and very expensive. Please do not
damage it with high laser power or a highly concentrated sample. Also, when the
room light is on, the emission path should be directed away from the PMT. For
example, the port selection of the microscope should not be #5, which is directed to
detector.
Alignment procedure
NOTE: For the alignment procedure, A, M, L, B, f and cf refer to aperture,
mirror, lens, beam expander, filter and color filter, respectively. All of the
mirrors, lenses, beam expanders and color filters on our optical bench are
numbered as Mi, Li and Bi (i = number) directly on the holder of each optic.
Startup electronics
1. Start up HeNe laser or argon ion laser (Refer to Appendix A).
2. Turn on the LEP controller and the computer, Sphingomyelin.
3. Turn on the power of the shutter’s controller for the HeNe or argon ion laser.
4. Turn on the PMT A at step # 18.
To use HeNe laser excitation:
1. Turn on the HeNe laser that you want (have three options: 543 nm, 594 nm and
633 nm) by turning a key.
2. For example, to use the 543 nm HeNe, M16, which is right in front of the laser
output, must be flipped up.
3. M15 and M14 should be down. M15 and M14 need to be up for the 594 nm and
633 nm lines, respectively.
4. Flip up M12 and M3. Also, flip down M13, M4, M5 and M6.
5. Flip the switch from n.c. to n.o. on the appropriate shutter controller to open the
shutter. You should see the green light pass through the shutter and hit each mirror
that is flipped up.
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6. B2 must be in the B2 post. B2 increases the beam diameter to fill the back
aperture of the objective. Please make sure that the beam passes through B2 without
interruption.
NOTE: Check the beam shape before and after B2 to examine the interruption by B2.
By putting a white or black piece of paper on the beam path, you can see the shape of
the beam on the paper. [Do not reflect the beam toward your or colleagues’ eyes.
Have an angle of the piece of paper to not reflect the beam toward your or colleagues’
eyes]
NOTE: If the beam can be close to the center of A1 by adjusting the position of B2,
that would be helpful for next steps.
7. Adjust the knobs of M12 to pass the beam through the center of A1.
8. Adjust the knobs of M3 to pass the beam through the center of A2. Repeat step # 7
and # 8 until the beam passes through both apertures. After this step, please continue
with # 9 on the next page.
NOTE: If you see A10, please remove it from the post holder.
NOTE: Only when the beam passes through both apertures can the system be
perfectly aligned.
To use Argon ion laser excitation:
1. First, please look at the lab protocol for Argon ion laser startup in Appendix
A.
NOTE: Make sure that the aperture of the laser head is #8 and that the ND filters
along the beam path are adjusted to add up to 2.5–3.6. This amount of ND works with
most samples when using 200 mW of output power from the argon ion laser.
2. M1 should be flipped up before you open the shutter for the argon ion laser.
NOTE: If M1 is flipped down, the beam will go to the Ti:Sapphire laser and can
damage the Ti:Sapphire crystal.
3. Next, open the shutter using shutter controller next to the microscope. Each shutter
controller is named.
4. For 488 nm excitation, the color filter, 488 cf1 must be up and for 514 nm
excitation, 514 cf1 must be up to properly filter the multi-line beam.
5. M3, M4, M5 and M6 must be flipped down.
6. The beam must pass through the aperture after M3 and the aperture after M6.
Therefore, adjust the knob of M3 to pass the beam through A1.
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7. Adjust the knob of M6 to pass through A2. Repeat step #6 and #7 until the beam
passes through both apertures.
NOTE: Only when the beam passes through both aperture can the system be perfectly
aligned. Please go to step #9 to finish the rest of alignment.
From now on, follow these steps for both HeNe and Argon ion laser excitation:
9. Select the open position (no objective) of the objective turret on our microscope.
You will see the laser light near the black circle drawn on the ceiling above the
microscope.
10. Close the shutter.
11. Locate the objective that you want to work with. An objective with a NA greater
than 1.2 is recommended for better spatial resolution. Then, put a Chroma
fluorescent slide with a color corresponding to the excitation wavelength at the
sample stage. Locate the proper filter cube in the turret beneath the objective.
12. Be sure to remove the Wollaston prism underneath the objective and the analyzer
from the emission path so that the beam is not perturbed. Through the eyepiece, you
will see a small spot. (There is a Wollaston prism bed on the left shelf near the
microscope.)
13. You need to examine the spot in two ways to have good structural parameter (ω<
10.) and to not skew your signal. See Chapter 2.
First, the beam path should be straight upward and be at normal to the sample
stage (not leaning). You can put a white piece of paper on the top of the stage to
examine the beam shape passing the objective. If you see a circle rather than an
ellipse, then the beam is not leaning.
Second, the focal spot should be near the center of the field of view (Fig. A2)
when you look at it through eyepiece.
These tasks can be done by adjusting M7 and M8, which comprise the short
periscope behind the microscope. Please, Do Not Touch the taller periscope!
M7 is for making the beam to not lean (not tilt). M8 is for centering the beam.
Therefore, you adjust M7 and M8 repeatedly, until you have a centered beam that
does not lean. It is easier two people to setup because the M7 and M8 are behind
the microscope. While one person looks at the eyepiece, the other person can turn
any knob of the mirrors one by one.
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14. Reduce the beam power using f3. You need to use at least at total of 2.0 ND for
543 nm HeNe excitation and 4.0 ND for argon ion laser excitation to not damage the
PMT.
15. Open the cube turret cover at the left side of the microscope. Turn the wheel until
#2 is at the center.
16. Make sure that there is no filter in the box for D2 (You need to be very careful
not to put force on the box and misalign it).
17. Check the where PMT A is and turn off the room light before turning the PMT
poser on.
NOTE: Whenever you are going to collect signal with the PMT, the room light must
be off.
18. The port selection knob on the right side of the microscope should still be on #1
(eyepiece view). Turn on PMT A.
19. Check that the fan on the top of the PMT is working.
20. Find D:\082806_add_Flex02c\Flex02_12dc on the computer, Sphingomyelin.
21. Click Run on the software, Flex02_12dc.
14. The photon counts at the left lower, side of the program window should be low at
this moment. It is usually around 0.02 kHz. Click stop.
15. For fine alignment of the detector pinholes or optical fiber, Click “RT (real time)
intensity” at the top of the program window. This option shows the real-time photon
counts at the PMT.
16. Change the duration time to more than 600 s to provide enough time for aligning
the pinhole or optical fiber. Click start.
17. Turn the port selection knob to # 5 (detector view).
18. Now you are collecting the emission photons from Chroma fluorescent slide.
You will see more than 0.02 kHz photon counts. If the photon counts is higher than
~1000 kHz, the you need to reduce the laser intensity using f3 (add more ND).
19. The pinhole or optical fiber position can be adjusted on the X and Y directions by
the knobs labeled “ X and “Y”. Adjust the X and Y knobs to obtain the maximum
photon counts. You must turn one knob at a time, going back and forth. Once you
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have the maximum counts, replace the chroma slide with you sample. Again, the
photon counts should not exceed 1000 kHz. If you see more than that, then use f3 to
add more ND and adjust the intensity.
21. Click “RT intensity” to go back to the first window. At the top of the program
window, click S to set your data acquisition parameters.
22. Type, for example,
Duration 10↵ This defines the acquisition time for a run.
Autosave test↵ This defines the file name that will be saved on the hard
drive.
Multiplerun 30↵ This defines how many times the same measurement will be
done.
23. Then you have a new window, you will be prompted about where to save your
data. Once you select one directory (NOTE: save your data anywhere under
directory G; C is only for programs) and save it as any name, the program will
automatically save your data with automatic numbering. You will obtain files
test1.sin, test2.sin, test3.sin….test30.sin.
Shutdown procedure for electronics
1. Turn off PMT.
2. Turn off HeNe laser or argon ion laser according to Appendix A.
3. Turn off other electronics, such as the LEP controller, laser shutter and the
computer.
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Figure A2. Alignment of laser beam for FCS. Outermost square indicates the
field of view through the eyepiece. The cross indicates the center of the field
of view. The circle, laser spot, must be inside the dashed square.
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Appendix F
Protocol for optical trapping
You must prepare a special sample to examine optical trapping. The first part of this
protocol explains the sample prep and the second part explains the alignment.
Sample preparation
1. Apply an ~1 inch long strip of double sticky tape to each of the long sides of a
slide glass. The strips of tape should be fairly thin to allow space between the strips
for the sample solution later. Apply a cover slip to make a sandwich.
2. Dilute “silica microspheres, 0.8 µm in diameter (SS03N, Bangs Laboratories,
Inc.)” ~500× with water and add about 50 µL to the space between the sandwich and
seal with nail polish. (FluoSpheres are in the refrigerator in 327C.)
NOTE: For the alignment procedure, A, M, L, B, f and cf refer to aperture,
mirror, lens, beam expander, filter, spatial filter and color filter, respectively.
All of the mirrors, lenses, beam expanders and color filters on our optical bench
are numbered as Mi, Li and Bi (i = number) directly on the holder of each optic.
Startup electronics
1. Start up the argon ion laser and Ti:sapphire laser (Refer to the Appendix A and B.).
2. Turn on the LEP controller and the computer, Golgi.
3. Turn on the power of shutter controllers for argon ion laser and Ti:sapphire laser.
4. Turn on the power of tungsten lamp.
5. Turn on the CCD.
Alignment
1. Once you peak the power of the Ti:Sapphire laser according to the Ti:Sapphire
laser start up protocol (Appendix B), remove the plastic cover on the SLM surface
For single optical trapping SLM acts as a mirror and its poser does not need to be on.
2. Open the shutter of the Ti:Sapphire laser.
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3. If the beam doesn’t bounce off the center of the SLM, then adjust the knobs of the
sf. On the holder of sf there are two knobs. Turn one knob at a time.
4. The beam has to pass through the aperture placed before M11.
NOTE: Only when the beam passes through the aperture can the system be perfectly
aligned.
5. Insert the custom-built double dovetail adaptor (Figure 3.2) into the mount beneath
the objective turret. This adaptor will hold the dichroic mirror that will direct the
beam into the objective.
6. Add some ND at f2 to reduce the laser input power into the objective lens while
you measure the power of the laser beam with the power meter (final should be ~30
mW ).
7. Slide the filter cube, 750dcspxtu, into the mount beneath the objective.
8. Move the 60 ×, 1.4 NA oil immersion objective (NOTE: Only this objective can
be used with the IR laser) into position for imaging.
9. Be sure to remove the Wollaston prism underneath the objective and the analyzer
from the emission path so that the beam and the images are not perturbed.
10. Locate filter cube either # 3 or # 4 at the filter cube turret. Put your sample on
the sample stage. Through the eyepiece, you will see a small spot. If you don’t see it,
please check that the room light is off and the port selection knob. You will see the
IR beam focus reflecting off the glass surface through the eyepiece. Pleaser refer the
Figure A3. Figure A3 shows the proper reflection of IR beam at the sample plane
when the align is correct.
11. You must examine the focus in two ways.
First, the beam path should be straight upward and have a right angle from the
sample stage (not leaning). If you see a circle rather than an ellipse, in the eyepiece
then the beam is not leaning.
Second, the focal spot should be near the center of the filed of view when you
look at if through the eyepiece (Please refer Fig. A2. Same dashed line is applied to
this case as well).
These tasks can be done by adjusting M9 and M10, which comprise the short
periscope behind the microscope. Please, Do Not Touch the taller periscope!
M9 is for making the beam to not lean. M10 is for centering the beam. Therefore,
you adjust M9 and M10 repeatedly until you have a centered beam that does not
lean. It is easier two people to setup because the M9 and M10 are way behind the
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microscope. While one person looks at the eyepiece, the other person can turn
any knob of the mirrors one by one.
12. Emission filter will block some IR but if you want to completely block IR then
you can add an IR-block filter at the void position of the analyzer beneath the filter
cube turret. The IR-block filter resides in a paper box labeled as “IR block filter” on
the shelf near the microscope.
13. Close the shutter of Ti:Sapphire laser.
14. Locate your sample on the sample stage. Using bright field illumination find
beads floating in water by adjusting z-focusing knob. Please check the condenser’s
height if you don’t see any beads.
15. Open the shutter of Ti:Sapphire laser and find the trapped bead. You may need to
wait beads to be trapped in the potential well of IR beam. If you do not see the
trapped bead, then increase the power of the laser beam by reducing the ND at f2.
Shutdown procedure for other electronics
1. Turn off the CCD.
2. Turn off the argon ion and Ti:sapphire laser according to Appendix A and B.
3. Turn off other electronics, such as the LEP controller, laser shutter and the
computer.
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Figure A3. Reflection of IR beam at the sample plane when the IR beam
passes the center of the field of view without tilting. (a) The focus is
near the surface of the sample. (b) When the focus of IR is away from
the surface of the sample. This is CCD view. The scale bar, 10µm.
`
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Appendix G
Protocol for holographic optical trapping
You must prepare a special sample to examine optical trapping. The first part of this
protocol explains the sample prep and the second part explains the alignment.
Sample preparation
1. Apply an ~1 inch long strip of double sticky tape to each of the long sides of a
slide glass. The strips of tape should be fairly thin to allow space between the strips
for the sample solution later.
2. Dilute “silica microshperes, 0.8 µm in diameter (SS03N, Bangs Laboratories,
Inc.)” ~100× with water and add about 50 µLto the space between the sandwich and
seal with nail polish. (FluoSpheres are in the refrigerator in 327C.)
NOTE: For the alignment procedure, A, M, L, B, f and cf refer to aperture,
mirror, lens, beam expander, filter, spatial filter and color filter, respectively.
All of the mirrors, lenses, beam expanders and color filters on our optical bench
are numbered as Mi, Li and Bi (i = number) directly on the holder of each optic.
Startup electronics
1. Start up the argon ion laser and Ti:sapphire laser (Refer to the Appendix A and B.).
2. Turn on the LEP controller and the computer, Golgi.
3. Turn on the power of shutters’ controllers for argon ion laser and Ti:sapphire laser.
4. Turn on the power of tungsten lamp.
5. Turn on the CCD.
Alignment
1. Once you peak the power of the Ti:Sapphire laser according to the Ti:Sapphire
laser start up protocol (Appendix B), remove the plastic cover on the SLM surface
(For single optical trapping SLM acts as a mirror.).
2. Open the shutter of the Ti:Sapphire laser.
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3. If the beam doesn’t bounce off the center of the SLM, then adjust the knobs of the
sf. On the holder of sf there are two knobs. Turn one knob at a time.
4. The beam has to pass through the aperture placed before M11.
NOTE: Only when the beam passes through the aperture can the system be perfectly
aligned.
5. Insert the custom-built double dovetail adaptor into the mount beneath the
objective turret. This adaptor will hold the dichroic mirror that will direct the beam
into the objective (Figure 3.2).
6. Add some ND at f2 to reduce the laser input power into the objective lens while
you measure the power of the laser beam with the power meter (final should be ~30
mW ).
7. Slide the filter cube, 750dcspxtu, into the mount beneath the objective.
8. Move the 60 ×, 1.4 NA oil immersion objective (NOTE: Only this objective can
be used with the IR laser) into position for imaging.
9. Be sure to remove the Wollaston prism underneath the objective and the analyzer
from the emission path so that the beam and the images are not perturbed.
10. Locate filter cube either # 3 or # 4 at the filter cube turret. Place your sample on
the sample stage. Through the eyepiece, you will see a small spot. If you don’t see it,
please check that the room light is off and the port selection knob. You will see the
IR beam focus reflecting off the glass surface through the eyepiece. Pleaser refer the
Figure A2.
11. You must examine the focus in two ways.
First, the beam path should be straight upward and have a right angle from the
sample stage (not leaning). If you see an even circle in the eyepiece then the beam is
not leaning.
Secondly, the focal spot should be near the center of the filed of view when
you look at if through the eyepiece (Please refer Fig. A2. Same dashed line is applied
to this case as well).
These tasks can be done by adjusting M9 and M10, which comprise the short
periscope behind the microscope. Please, Do Not Touch the taller periscope!
M9 is for making the beam to not lean. M10 is for centering the beam. Therefore,
you adjust M9 and M10 repeatedly, until you have a centered beam that does not
lean. It is easier two people to setup because the M9 and M10 are way behind the
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microscope. While one person looks at the eyepiece, the other person can turn
any knob of the mirrors one by one.
12. Emission filter will block some IR but if you want to completely block IR then
you can add an IR-block filter at the void position of the analyzer beneath the filter
cube turret. The IR-block filter resides in a paper box labeled as “IR block filter” on
the shelf near the microscope.
13. Close the shutter of Ti:Sapphire laser.
14. Locate your sample on the sample stage. Using bright field illumination find
beads floating in water by adjusting z-focusing knob. Please check the condenser’s
height if you don’t see any beads.
15. Open the shutter of Ti:Sapphire laser and find the trapped bead. You may need to
wait beads to be trapped in the potential well of IR beam. If you do not see the
trapped bead, then increase the power of the laser beam by reducing the ND at f2.
16. After you finish the managing software (below), you must see the array of
reflection patterns with the cover glass or empty sandwich sample. Then, change to
the silica beads sample to make sure the array of potential wells trap the beads.
Managing Software
1. On the computer, Sphingomyelin, click start and click National Instruments
Labview 8.2.
2. In the Labview 8.2. window, click the main program,
Engine_modified_bessy_091807.vi. If you don’t see it, then go to C/programs/HOT/.
3. In the Engine_modified_bessy_091807.vi window, go to file and open
“interface.vi” (NOTE: What interface.vi does is explained below). If the program is
not shown in the open window, go to C/program Files/HOT/university of Glasgow
stuff/tweezer controls/tweezers control 2.0./interface.vi. Double click interface.vi.
4. Click add new spot. As you click the button, you create spots. Create two or three
spots just for test now. These spots will be the traps later on.
5. In the interface window and in the Engine_modified_bessy_091807.vi window,
click  to start.
6. In the interface window, increase the brightness (you can find this button in the
interface window) to 1 to see a hologram.
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7. Now, open displayedOnSLM.vi, from “displayCombindHologram.vi frot panel. If
you don’t see it in the open window, then go to C/program Files/HOT/slm vis/. In the
displayedOnSLM.vi window, define the X position as 1024, Y position as –29,
display size as 758 and Angle as 90 (NOTE: These values are default to locate your
hologram at the proper place on the SLM screen).
8. Now, turn on the SLM power by flipping the switch at the back of the SLM
controller.
9. At the front side of the controller, click LCD SW, LD SW and SLM SW, in that
order.
10. Then, you will see the desired array of foci at the sample plane. If you don’t see
it, then adjust the z-focusing knob. For the detail, please go back to # 17 in alignment
procedure.
NOTE: Now you can change the shape of the array of traps and number of traps.
Remember, you will have a limit of how many traps you can create with your
particular sample. This will depend on the size of particle, the refractive index of
particle and medium, the laser power and so on. In case of silica particle (0.8 µm in
diameter) 40 of them can be trapped with 340 mW.
Shutdown procedure for SLM
1. To turn off the SLM, click the buttons in this order: SLM SW, LD SW and LCD
SW. Finally turn off the main switch at the back of the SLM.
Shutdown procedure for other electronics
1. Turn off the CCD.
2. Turn offthe argon ion laser and Ti:sapphire laser according to Appendix A and B.
3. Turn off other electronics, such as the LEP controller, laser shutter and the
computer.
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