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ABSTRACT
Applications of TIRFM for quantitative measurements of adherent cells are
limited due to high background fluorescence, resulting in a low S/N ratio and
compromising the accuracy of measurements. Published methods for correcting
autofluorescence in cell and tissue measurements are either impractical or they require
additional, experimental steps to be performed. Time-resolved total internal reflection
fluorescence microscopy (TR-TIRFM) was developed by temporally gating a CCD
camera using a liquid crystal shutter (LCD) which was programmed to close during the
excitation and, open after the short-lived emission from autofluorescence decays to a
negligible level, and then close prior to the arrival of a new laser pulse. To enable to
technique to optically filter the short-lived emission, while simultaneously record the
long-lived emission, membrane labels based on terbium chelates were synthesized,
characterized and applied. DTPA-PhenylAS-Tb+3 and DOPE-DTPA-pAS-Tb+3 were
observed to have the emission lifetime of ~1.5 msec, but the former was observed to stain
cells nonspecifically where it was observed to internalize into the cell nucleus. TR-TIRF
images of adherent cells stained with terbium chelates showed a near completion of the
optical filtration of short-lived fluorescence (autofluorescence and polystyrene), while the
long-lived emission intensity from the Tb+3 chelate was retained. These results conclude
that TR-TIRFM, with the use of long-live emission label (Tb+3 and Eu+3 chelates), is
suitable as an analytical tool for probing a large number of cellular and molecular events
occurring in the cell membrane and on the cell surface where background fluorescence
would usually be problematic.
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Detection of K+ transported across a cell membrane is a prerequisite in the
development of devices for screening drugs targeting K+ ion channels. Sol-gel films
functioning as host matrices to potassium ion sensitive dyes (KSD) were fabricated,
followed by immobilizing of a lipid bilayer on the film surface. This architecture serves
as a simplest detection platform to monitor K+ influx across the membrane bilayer using
the time-based, total internal reflection fluorescence spectroscopy. Among the
investigated crown ether conjugated dyes, only aza-crown-SQR was fluorescently
responsive to K+ in solution and as well as in the sol-gel matrix, with optimal response
observed in basic solution (pH 8-9). Sol-gel films were therefore prepared using the
base-catalyzed reaction with ATPS as a self-catalyst. Hydrolysis and condensation of
TEOS or TMOS in the presence of APTS and GOPS produced smooth films with rms of
0.6-2.9, an averaged thickness of 100 nm, and an averaged water contact angle of ~49°.
Formation of a DPhPC bilayer on these sol-gel films was achieved by the vesicle fusion
method in which lipid molecules were observed to diffuse laterally with the diffusion
coefficients of 2.3x10-8 cm2s-1 for TEOS-APTS-GOPS films and 2.1x10-8 cm2s-1 for
TMOS-APTS-GOPS films, as measured by FRAP. DPhPC bilayer was observed to be
impermeable to H+ for at least 600 sec. K+ transport across DPhPC bilayer using
valinomycin as a transporter was observed. Thus, the fabricated sensing platform based
on the KSD doped sol-gel film could serve as a model for the detection of K+ in studies
the binding drug compounds to ion channels.
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CHAPTER 1
INTRODUCTION
1.1

Overview of cell adhesion
In their natural existence, cells are seldom found in isolation; rather they tend to

adhere to other cells known as „cell-cell‟ adhesion or to non-cellular components of their
environment known as „cell-extracellular matrix‟ adhesion. Cell-cell adhesion is a
prerequisite for a wide variety of cellular processes. These include the adhesion between
distinct cells during the developmental stage and the cellular organization process where
cells are rearranged into patterns, giving rise to organs and tissues;1 the adhesion between
neurons to form synapses or cell junctions for intracellular communication where
chemical signals are transmitted in one or both directions;2 and the adhesion of one
population of cells to another during the inflammatory response for which such cell-cell
interactions are required to mediate the migration of cells to the inflammatory sites.3
Cell adhesion to the extracellular matrix (ECM) is also required for normal tissue
functions such as migration and metabolism, with ECM serving as a structural support for
cell anchorage and as a barrier to segregate tissues from one another.4 ECM, such as the
basement membranes, are structural proteins of various classes including collagen (type
IV) and elastin. Interstitial matrix is another form of ECM formed by gels of
polysaccharides and fibrous proteins functioning as an intracellular spacing between cells
and as a compression against the stress placed on ECM.5, 6
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1.1.1

Molecular basis of cell adhesion
Cell-cell and cell-ECM adhesion are mediated by transmembrane proteins called

cell adhesion molecules (CAMs), which are structurally diverse groups of cell surface
proteins that are classified into four major groups based on their structures and functions.
These include the selectins, the integrins, the immunoglobulin (Ig) superfamily, and the
cadherins.7
Cell-cell adhesion is a selective process where one cell type adheres to other
specific cell types via either homophilic or heterophilic interactions, with one CAM type
on one cell recognizing the same or different CAM types on another cells. On the other
hand, cell-ECM adhesion involves interactions between CAMs and structural proteins
such as fibronectin, collagen, laminin, and elastin that are secreted by the resident cells.
Secretion of these proteins is required to form an ECM network, and the process is
regulated by a number of factors including the substrate surface properties.7 ECM serves
as a platform to anchor the cells and tissues together and as a reservoir for various
hormones controlling cell growth. It also provides a special environment in the spaces
between cells, and a lattice through which cells can move, especially during the early
stage of differentiation.

1.1.2

Cell adhesion on surfaces of synthetic polymers
Polymers have now been engineered as functional substitutes for damaged tissues

and organs.8-11 Polyurethane and cellulose acetate are two examples of synthetic
polymers that have been applied successfully in an artificial heart and kidney.12
Incorporating these noncellular matrices or foreign objects into the living tissues are only

20

Substrate

Figure 1.1: Schematic drawing of cell-cell and cell-extracellular matrix interaction
(upper) with cell adhesion on the substrate surface (lower) via the cell adhesion molecule
(CAM)-receptor interaction. The closest distance between the cell surface and substrate is
defined as the cell focal contact (FC).
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possible due to the material biocompatibility, meaning that the surface properties of the
matrix are conducive to elicit specific cellular functions, to direct cell-cell interactions
and to support cell transplantation.8 Cell adhesion to a polymer substrate is mediated by
CAMs interacting with cell adhesion proteins or ligands that are adsorbed on the polymer
surface.13 Ligands such as fibronectin and vitronectin are present in biological fluids such
as blood, or they are secreted by the resident cells. Adsorption of these structural proteins
on the substrate surface serves as a platform for the cell adhesion process. Specific
interactions between CAMs and the surface-adsorbed proteins result in cell attachment,
then accompanied by cell spreading and flattening, followed by clustering of CAMs in
the cell membrane and assembly of cytoskeletal proteins on these clusters as to
mechanically integrate ECM with the intracellular skeleton.14 These clustering regions
are known as the cell focal contacts. Cell-cell and cell-ECM adhesive interactions are
depicted in a schematic drawing as shown in Figure 1.1.

1.1.3

Measurements of adherent cells
Adherent cells on the surface of synthetic polymers can be qualitatively

characterized by examining the extent of their spreading and flattening or by observing
the presence of the cell focal contacts using scanning electron microscopy or a number of
optical microscopies.15 Quantitative measurements, on the other hand, require the
application of known force techniques such as micropipette aspiration, hydrodynamic
flow, and laser tweezers to detach the adherent cells.16 Calculations of the bond force
requires several known parameters, one of which is the cell-substrate contact area.
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1.1.4

Overview of instrumental methods for cell adhesion studies
Adherent cells have been examined by a number of surface techniques including

electron microscopy (EM), surface plasmon resonance microscopy (SPRM), Forster
resonance energy transfer microscopy (FRETM), standing wave fluorescence microscopy
(SWFM), interference reflectance microscopy (IRM), and total internal reflection
fluorescence microscopy (TIRFM).15

1.1.4.1 Electron microscopy (EM)
EM is based on the bombardment of a specimen with a flux of electrons. Some
are attenuated by the sample matrix, while others are transmitted and detected by a
photographic plate to form an image. For cell adhesion on the surface of a substrate, an
increased electron density is typically observed in some regions of the ventral cell surface
representing small cell-substrate distances that are generally classified as the cell focal
contacts.17 EM has been used to investigate fibroblasts adhering on the Araldite surface
(i.e., an engineered material consisting of epoxy, acrylic, and polyurethane functional
group), with the cell focal contacts appearing as dense regions (i.e., dark gray areas) and
the cell membrane-substrate distance estimated to be less than 30 nm.17 The technique
has also been used to qualitatively examine the spreading of fibroblasts cultured on
polyethylene treated surfaces,18 on acrylamide-grafted poly(3-hydroxyoctanoate) and
acrylamide- and 2-hydroxyethyl methacrylate-crafted ethylene-propylene rubber.19
Although electron microscopy continues to be used in conjunction with
immunological markers to identify specific cell-surface components, identification of the
fine structure such as actin filaments and their interactions with the cell membrane is
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virtually impossible due to minimal contrast in the electron density observed among the
cellular features.15, 20, 21 Furthermore, electron microscopy is not a suitable surface
technique for live cell measurements as is generally performed under vacuum on a fixed
and chemically stained specimen.

1.1.4.2 Surface plasmon resonance microscopy (SPRM)
SPRM is principally based on the excitation of plasmons at a metal dielectric
interface by an evanescent wave. Plasmons are collective oscillations of free electrons
propagating along the surface of a thin layer of metal such as gold, platinum or silver, and
the evanescent wave results total internal reflection. Since the evanescent field is
perturbed by a surface-interacting specimen, an adherent cell in this case, the intensity of
the reflected light correlates with the cell membrane-substrate surface distance.15 SPRM
has been used to visualize goldfish glial cells plated on an aluminum-coated glass prism.
The cell-prism interface separation distance was determined by imaging the specimen
using a variable-angle excitation technique, and the observed intensity data were then
compared to the theoretical surface plasmon curves22 where the separation distance was
estimated at 25±10 nm and in agreement with values obtained by other optical techniques
(i.e., 10-15 nm).17, 21 SPR spectroscopy has been widely employed for biomolecular
interaction analysis including receptor-ligand binding assays23 and screening and analysis
of membrane receptors.24 Nevertheless, SPRM of cells is still in its infancy; the images
are difficult to interpret with various technical issues that must be solved prior to being
fully implemented for quantitative measurements of cell adhesion. For example, Tang et
al.25 observed an irregularity in the image of a sub-diffraction-limited fluorescent bead
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deposited on a gold-coated glass coverslip using TIRFM operated near the surface
plasmon resonance angle at which the surface plasmon coupled emission occurs. This
observed feature exhibits a point spread function with concentric rings with the ppolarized excitation. Although the full implications of such an observed irregularity have
not been fully investigated, the authors cautioned that an image captured with SPRM
should be post-processed with deconvolution or image restoration techniques.

1.1.4.3 Forster resonance energy transfer microscopy (FRETM)
FRET is based on the nonradiative energy transfer between the excited state of a
donor fluorophore and a suitable acceptor fluorophore via dipole-dipole interactions. The
rate of energy transfer depends upon the extent of spectral overlap of the donor emission
spectrum and the acceptor absorption spectrum, the quantum yield of the donor, the
relative orientation of the donor and acceptor transition dipoles, and the distance between
the donor and acceptor molecules.26 The transfer efficiency is commonly determined by
steady-state fluorescence measurements of the donor quenching in the presence of the
acceptor molecule. Typically, a transfer efficiency of 50% has been observed with a
separation distance between the donor and acceptor molecules estimated at 20-60 Å.26
Since FRET detects the distance between the two fluorophore centers, the technique has
been widely used in a variety of applications such as probing the conformational and/or
dynamic changes of proteins in macromolecular systems27 and in genomic studies of
HIV, cancer and other diseases.28 More recently, FRET has been applied to optical
microscopy for studies of a number of biological systems such as characterization of
nanometer-scale organization of molecules in living cells29 and in the imaging of
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molecular interactions inside the living cells.30 FRETM has also been applied to examine
macrophages adhering on an absorbed protein surface. The separation distance between
cell membrane and the protein surface was measured by staining the cell membrane with
tetramethylrhodamine as the energy donor, and labeling the protein surface with
fluorescein as the energy acceptor.15 Quenching of the donor emission intensity was
observed and used for calculations of the separation distance between the two
fluorophore centers, where the cell-protein surface distance was calculated at 5.4 nm. In
theory and as well as practice, FRETM works well when the donor-acceptor distance is in
the range of 0-7 nm; whereas when the donor-acceptor separation distance is greater than
7 nm, the measurement is not feasible.15, 29 As a result, the application of FRETM in
quantitative measurements of cell adhesion is limited since the cell-substrate separation
distance is on the order of 10-15 nm as determined by electron microscopy, 17, 20, 21 and
such a separation distance is beyond the working range of FRET.

1.1.4.4 Standing wave fluorescence microscopy (SWFM)
SWFM is a relatively new imaging technique that uses a standing wave of a laser
light for excitation of specimen-associated fluorophores, whereas a uniform field of
excitation is commonly employed in conventional microscopies. The standing wave
pattern is an optical phenomenon formed by superpositioning two mutually coherent,
collimated, and polarized laser beams of equal intensity and propagating direction. This
optical phenomenon is characterized by the formation of alternating planar nodes and
antinodes along the axial direction (i.e., normal to the surface). Shifting of this wave
pattern axially at sub-wavelength steps (i.e., by ¼ of the excitation wavelength (λ/4))
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provides a means to selectively excite membrane-associated fluorophores residing at
different distances from the surface and within the depth of standing modes of the
electromagnetic field.31 SWFM is an effective surface technique for distance profiling of
a very thin specimen that lies within one or two planar nodes. On the other hand, a
thicker specimen requires simultaneous excitation with multiple planar nodes, which can
result in fuzzy fluorescence images that are difficult to interprete.32 In addition, uneven
distributions of the label density can also result in inaccurate measurements.32
SWFM has been used to examine stress fibers (i.e., smooth muscle actin) stained
with monoclonal anti α-actin conjugated indocarbocyanine (CY3).31 These stress fibers
are commonly found near the cell nucleus. Optical Z-sectioning of the cell nucleus was
performed by shifting the standing wave pattern axially, each time at ¼ of the excitation
wavelength, which is equivalent to 95 nm, and three shifts were used. Images of actin
fibers were observed at the second shift, indicating the location of the stress fibers is 190
nm from the substrate surface. The technique has also been employed to quantify the
separation distance of the cell membrane to the substrate surface including ghost
erythrocytes adsorbed on poly-lysine33 and neural cells adhering on a surface coated with
laminin and fibronectin.34 In both cases specimens were attached to or adhered on
microscopic steps of silicon oxide layers etched to various heights (approximately at 10
nm, 50 nm, 90 nm, and 130 nm). Interference between the incident light and the reflected
visible light gives rise to the standing wave with an interference pattern consisting of
planar nodes and antinodes. The observed fluorescence intensity from adherent cells
labeled with carbocyanine (DiIC12) was found to be dependent on the height of these
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microscopic steps. The recorded intensity data were then fit to a theoretical model (the
relative intensity vs. distance curve) and the distance of fluorophore relative to the
substrate surface was obtained at 12 nm for ghost erythrocyte adsorbed on poly-lysine
surface, and 105 nm and 60 nm for neural cells adhered on laminin and fibronectin coated
surface, respectively.

1.1.4.5 Interference reflectance microscopy (IRM)
IRM is based on the light reflection at interfaces between media of different
refractive indices, with the intensity of the reflected beam increasing due to the
differences in refractive indices.35-37 Under an epi-illumination, light is reflected at the
cell membrane-medium interfaces, resulting in dark or gray features against a bright field
background as waves of the reflected light undergo destructive and partially destructive
interference. Dark and gray regions observed in adherent cells by IRM represent the
closest and the farther distance of the cell surface relative to the substrate.
IRM has been widely used to investigate the structure and dynamics of adherent
cells such as focal contacts in mouse embryo fibroblasts in the presence and absence of
vinculin, a highly conserved skeletal protein localized in both cell-cell and cell-ECM
junctions.38 IRM images captured as a function of time in this work reveal a slow
spreading of fibroblasts in the absence of vinculin where the focal contacts appeared
smaller and less abundant in comparison to wild-type cells. IRM has also been used to
quantify the cell-substrate separation distance of chick heart fibroblasts cultured on a
glass substrate in which the separation distance was determined at 30 nm.39
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The thickness of specimen is the main factor contributing to the accuracy in
quantitative IRM. It is widely accepted that a good accuracy in such measurements can
be obtained when the cytoplasmic layer is at least 1 µm thick.36 A thin cytoplasmic layer
(thickness of approximately 100 nm) with a high refractive index such as thin lamellae of
Dictyostelium discoideum, for example, can produce a darker IRM image, giving the
false impression that the cell membrane is much closer to the substrate than it actually is,
giving invalid cell-substrate distances.40

1.1.4.6 Total internal reflection fluorescence microscopy (TIRFM)
TIRF spectroscopy is based on the use of an evanescent wave to selectively excite
fluorophores that are confined to within a few hundred nanometers from the surface of an
optical transducer, thus making TIRFS a suitable technique for studies of interfacial
phenomena such as protein adsorption to synthetic materials,41, 42 adsorbate behavior at a
water-chromatographic contact,43, 44 transport of biomolecules across sol-gel thin film,45
and ligand-receptor binding kinetics at model membrane surfaces.46-48
In general, the thickness of an adherent cell is in the µm range, which is greater
than the penetration depth of the evanescent wave. TIR excitation can therefore be used
to selectively illuminate cell surface-associated fluorophores confined within a few
hundred nanometers from the substrate surface. This was demonstrated for the time by
Axelrod for cultured mammalian cells adhered on a transparent substrate.49 Since then,
TIRFM has been applied to qualitatively visualize live cells for their positions, extent,
compositions, and motions of contact regions to glass coverslips.50-54 TIRFM has also
been used for quantitative measurements of the cell-substrate separation distance using a
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variable-angle excitation technique since the depth of penetration of evanescent wave is
dependent on the incident angle. Lanni et al.53 developed the two incident-angle TIRFM
to calculate the cell-substrate separation distance. The theoretical basis of this multi
incident-angle technique was subsequently outlined by Gingell et al.52 and later
simplified by Reichert et al..55 Currently, the multiple-angle TIRFM technique is capable
of delivering a 3-dimesional structure by reconstructing a series of TIRFM images. This
technique has been applied to create a 3-dimensional map of the cell substratum detailing
not only the focal and close contacts56, 57 but also the fine structures of the cell surface
components such as microtubules.58
Quantitative TIRFM method is therefore a potentially powerful tool for testing
theories of cell adhesive interactions and for elucidation of biological molecules via the
3-dimensional format. Nevertheless, the technique is often compromised by extraneous
fluorescence emission from the cell and/or substrates.59

1.1.5

Impacts of autofluorescence on fluorescence measurements
All cells and tissues become fluorescent when excited by a UV-Vis radiation and

this natural phenomenon is therefore termed „autofluorescence.‟ Autofluorescence
originates from the emission of excited intrinsic fluorophores which are cellular and
tissue components. Some of the known intrinsic fluorophores are elastin, lipofusin,
nicotinamide adenine dinucleotide (NADH), riboflavins, and flavin conenzymes.60 This
intrinsic emission is generally characterized by its broad band emission covering spectral
regions from 350 nm to the near IR with a maximum observed around 550 nm. A list of
the known intrinsic fluorophores and their corresponding emission maximum are
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Figure 1.2: (A) Observed emission wavelengths of the corresponding cellular and tissue
components (adopted from http://drbio.cornell.edu). (B) Spectral overlap between
autofluorescence typical of fibroblast cells (upper panel), and the emission of fluorescein
(1‟) and rhodamine (2‟) (lower case). The dashed lines are the excitation spectra of
fluorescein (1) and rhodamine (2).
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depicted in Figure 1.2A. Naturally, intensity of autofluorescence depends on cellular
concentrations of these intrinsic fluorophores which vary with respect to the cell types,
sizes and conditions. Although autofluorescence intensity decreases in the near IR
regions, it does not completely disappear regardless of the excitation wavelength used.
Autofluorescence is a critical factor compromising quantitative analysis of cells
and tissues due to its spectral overlap with the emission of extrinsic labels (Figure 1.2B),
resulting in a low signal to noise ratio (S/N) which leads to inaccurate measurements. The
impact is even more pronounced on a sample with a significantly low label density. For
example, an S/N of 1.35 was obtained in binding assays of epidermal growth receptor
(EGR) expressed on the membrane surface of Swiss 3T3 fibroblasts. The fluorescence
intensity derived from the labeled EGR was equivalent to19,500 fluorescein molecules,
whereas the intensity of autofluorescence is equivalent to 75,000 fluorescein molecules.61
A low S/N makes accurate measurements extremely difficult.
Fluorescence imaging of adherent cells using a TIR excitation technique is
preferred over the conventional epi-illumination technique for which the whole cell is
excited, resulting in more intense autofluorescence.60-62 However, intrinsic emission can
still be a major contributor to the total TIRF signal from an extrinsically labeled cell,
especially in the conditions where the label density is relatively low.

1.1.6

Correction methods for autofluorescence
Methods to account for the intrinsic emission have been reported.59, 61, 63 The

majority of these reports are tissue-based procedures that target reduction of emission
from only a limited number of intrinsic chromophores, individually, rather than a
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universal technique that accounts for the emission intensity from all intrinsic
fluorophores. These reported procedures are classified as chemical, the irradiation and the
spectral methods.

1.1.6.1 Chemical methods
The basic premise of the chemical methods is to remove intrinsic fluorophores
responsible for intrinsic emission via solvent extraction using various organic solvents
such as chloroform, ethanol and hexane, or to reduce the quantum yield of the intrinsic
fluorophores via a chemical interaction. Such methods include the removal of lipofusin
from nerve tissue by incubating the sample with a mixture of chloroform and methanol
for a period of time prior to making fluorescence measurements;64 and the removal of
autofluorescence derived from reversible Shiff‟s bases, the products formed from
reactions between native proteins and formaldehyde during the cell fixation, by
incubating tissue specimen in a NaBH4 solution prior to making fluorescence
measurements.65
Alternatively, lipofusin emission can be quenched by CuSO4 or Trypan blue.66
This fluorescence quenching is based on the molecular collision mechanism, with
lipofusin acting as the energy donor and CuSO4 or Trypan blue as the energy acceptor.
Lipofusin has a broad excitation (i.e., from 360 nm to 647 nm) and emits yellow
fluorescence under UV illumination and green fluorescence under blue light
illumination,67 which is spectrally overlapped with the absorption spectrum of CuSO4 or
Trypan (an absorption maximum at 615 nm). This procedure allows conventional
fluorophores such as fluorescein and rhodamine to be used as labels.
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Chemical methods based on either the solvent extraction or fluorescence
quenching is not suitable for measurements of live cells since cells are extremely
sensitive to changes in their environments. Exposing live cells to harsh chemicals such as
chloroform and methanol leads to cell detachment and/or death. Furthermore,
fluorescence quenching technique as a means to suppress the intrinsic emission has
inherent problems and limitations. Cells and tissues are complex matrices comprised of a
wide variety of biomolecules, many of which fluoresce at UV-Visible excitation
wavelengths and their fluorescence is a broad band emission. Quenching of the intrinsic
emission from a single species, lipofusin in this case, leaves other intrinsic fluors
unaffected. Since CuSO4 and Trypan absorb light beyond 600 nm, this limits the use of
other fluorescent labels such as quantum dots, which emit light around 700 nm, due to
fluorescence quenching by these acceptors.

1.1.6.2 Photobleaching method
Photobleaching is an irreversible destruction of fluorophores with continuous
illuminating samples with a low power output lamp for a period of time. This practice has
been performed on mouse liver and human brain tissues using four different lamps that
generate the power output of 18-20 W for 24-48 hrs.68 These lamps are a conventional
neon light bulb, a UV lamp, and two longer wavelength lamps with a maximum output
peaks at 488 nm and 633 nm, respectively. Fluorescence imaging of these tissues after the
photobleaching using two excitation wavelengths, 488 nm and 543 nm, showed the
reduction in autofluorescence intensity in a mouse liver tissue at 48 hrs exposure time and
at both excitation wavelengths. On the other hand, intrinsic emission still remained in
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human brain tumor tissues, even after 48 hrs of exposure time, indicating these intrinsic
fluorophores are of different species than those in mouse liver tissue where
photobleaching them with low output power lamps is ineffective. Tissues were later
stained with monoclonal antibody labeled with fluorescein. Since fluorescein emission
was still observed, the power and duration of the photobleaching did not denature the
proteins of interest. In summary, although the irradiation method is simplistic, the
technique is not practical to living cells due to the possibility of cell damage and/or death.

1.1.6.3 Spectral methods
The spectral methods for correcting autofluorescence is a non-invasive approach
that is based on the signal differences between two sets of fluorescence images; one is the
sum of both intrinsic and extrinsic emission and the other is exclusively from the intrinsic
emission. Lanni et al.53 used this approach to correct fluorescence background in TIRF
imaging of adherent cells by taking two images that were excited at the same wavelength,
one taken with an adherent cell in the field of detection and another of regions that lacked
an adherent cell. To obtain the TIRF image free from autofluorescence, the two images
were digitally subtracted. The authors‟ approach is overly simplistic and fundamentally
inaccurate since the second fluorescence image represents only the signal derived from
the substrate and surface-adsorbed proteins, not the intrinsic cellular fluorophores that
includes the emission from flavin and NADH. Autofluorescence signal in the resulting
TIRF image was therefore partially corrected.
A similar approach can be used to correct autofluorescence from the imaging of
cells and tissues using two excitation wavelengths. Here, a single specimen is excited at
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the excitation wavelength corresponding to the label and another at the wavelength that is
farther away or spectrally resolved from the excitation spectrum of the label. The
intensity from first image corresponds to the sum of the fluorescence derived from both
intrinsic fluorophores and the label, whereas the intensity from the second image
represents the fluorescence derived exclusively from autofluorescence. The intensity
differences are therefore due to the label emission. Since the intrinsic emission is
wavelength-dependent, and by using the two different excitation wavelengths, the
emission intensity observed at the respective excitation wavelength must be correlated.
The correlation factor is the intensity ratio of autofluorescence observed in the two
fluorescence images and is determined independently from fluorescence measurements of
the unlabeled specimen using the two chosen excitation wavelengths. Vandelest et al.69
used this approach to account for autofluorescence observed in human lung tissues
labeled with fluorescein.
Spectral methods are non-invasive and can be applied for correcting
autofluorescence in fluorescence measurements of cells and tissues. However, the
technique does not account for the variations in cell and tissue compositions since the
technique assumes the distribution of autofluorescence in both stained and unstained
specimen is essentially the same. This is not always true since cells and tissues are much
more complex and they do in fact differ from one and another, thus their
autofluorescence spectra are frequently different.61
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1.2

Overview of cellular transport of potassium ion
Metal ions such as K+, Na+, Mg+2, and Ca+2 are routinely transported across the

cell membrane as they are required for a number of cellular processes including cell
signaling, synthesis of proteins and ATP, maintaining the osmotic balance between cell
and the interstitial fluid, and activation of enzymes.70-73 Among these ions, potassium is a
major cation found inside animal cells, while sodium ion is found prominently on the
outside of animal cells.70 The concentration gradients between these two cations give rise
to the membrane potential. Generally, cells use these concentration gradients to drive
other processes such as the action potential as defined by a rapid flow of potassium ions
out of and sodium ions into the cells. Action potential is a chemical signal used by cells
in neural transmission process carrying information to other neurons or to other body
tissues such as muscles and glands. These concentration gradients are established and
maintained by active transporters and pumps where potassium and sodium ions are
actively pumped into and out of the cell through ion channels, respectively.72

1.2.1

Potassium ion channels (KIC)
Potassium ion channels (K+-channels) are proteins embedded in the cell

membrane. They function as selective gateways to allow passage of K+ in and out of the
cells, and their activation and deactivation mechanism are followed by a complex
sequence of events in response to changes in the membrane potential and to the
concentration of specific molecules known as ligands. K+-channels represent the largest
and most diverse superfamily of ion channels. These channels can be broadly classified
into two major families: voltage-gated and ligand-gated potassium ion channels. These
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superfamilies vary in membrane topography, subunit compositions, and activation and
deactivation mechanism.72
The voltage-gated potassium ion channels (Kv channels) such as hERG and
KCNE1 are homotetrameric complexes, with each subunit containing a voltage sensor
and contributing to the central pore. This voltage sensor senses the potential differences
across the cell membrane, resulting in the channel activation and the efflux of potassium
ions.72 Deactivation of Kv channels is via a time-dependent loss of conductivity by a wide
variety of mechanisms, one of which involves the channel going into a stable and
nonconducting state prior to returning to its initial state for reactivation.74 Ca+2-sensitive
potassium ion channels (Kca channels) are subtypes of KV channels that have two
subunits. Although Kca channels are primarily activated by intracellular Ca+2, certain
members of the Kca family are also known to be activated by intracellular Na+ and Cl-.75
The actual gating mechanism of these channels is not well understood simply because
such a mechanism cannot be solely explained by the binding of intracellular Ca+2 to the
channel subunits. Some of these channels, including the „small conductance‟ Kca (SKca)
and the „intermediate conductance‟ Kca (IKca) channels, lack the Ca+2 binding motif in
their primary structures.76
The ligand-gated potassium ion channels, or broadly known as ATP sensitive
potassium ion channels (KATP channels), are octameric complexes consisting of 2 distinct
subunits, a sulfonylureas receptor or SUR, and a small inward rectifying potassium
channel (Kir6.1 or Kir6.2).77-81 Binding of ATP and sulfonylureas such as tolbitamide
and glibenchlamide to the Kir6.2 subunit inhibits the channel activity.82, 83 MgADP (i.e.,
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KATP channels deactivated and activated by ADP in the absence and presence of Mg+2,
respectively) and a chemically diverse group of potassium channel openers, such as
diazoxide, nicorandil, minoxidil, pinacidil and cromakalim, have been shown to activate
the channels in both in vivo and in vitro.84 The actual mechanism for such stimulation is
unclear but appears to be tissue-specific as diazoxide opens KATP channels in pancreatic β
cells but does not activate cardiac KATP channels.85
Kir channels are another class of ligand-gated K-channels. Unlike all other
aforementioned Kv channels that regulate the efflux of potassium ions, Kir channels have
the ability to manage a greater influx than efflux of potassium ions across the cell
membrane. The differential ion transport results from impeding the efflux by cytoplasmic
ions such as polyamines and Mg+2 that plug the conduction pathway on polarization.86
This mode of transport process is critically important to maintain and modulate the cell
excitability. Kir channels are tetrameric complexes, with each subunit having two
membrane segments called M1 and M2. In addition to being stimulated by intracellular
Mg+2, intrinsic gating of Kir channels also allows passage of K+ through the central pore
by changing its conformation at the M2-segment, thus allowing the K+ efflux across the
cell membrane to occur.87
All K+-channels have a selective filter in which transporting of K+ is preferred
over the other metal ions such as Na+, Ca+2 and Mg+2. Results from amino sequencing of
several bacteria and human Kv channels reveal the chemical structure of the filter
segment, which consists of Thr-Val-Gly-Tyr-Gly and Thr-Val-Gly-Phe-Gly.72 Though it
is not actually known, it has been hypothesized that the filter segment in the KATP

39

channels would have similar amino sequences as the Kv channels.88 During the passage of
K+ through the channel, the hydrated shell surrounding the metal ion is shed to allow K+
to directly interact with atomic components of the amino acid sequences.

1.2.2

KATP ion channels and human diseases
KAPT channels are expressed in almost, if not all, cell types including pancreatic β

cells, heart, skeletal muscle, smooth muscle, and endocrine cells.66, 89, 84 Their roles in
cellular functions include regulating heart rate, insulin secretion, smooth muscle
contraction, secretory transduction, and cell volume.90, 91 Genetically linked and acquired
diseases are known to contribute to channelopathies in a number of vascular and
nonvascular tissues.86-88, 91, 92 Advances in genetic linkage analysis have contributed to
the characterization of KATP channels and their involvement in a number of pathological
and physiological conditions. Furthermore, studies of the genes encoding proteins
facilitate the understanding of the structure-function of K+-channel subunits, which
provide a basis for the development of appropriate treatment for many diseases including
the development of pharmacological drugs.88, 93-99

1.2.3

Drug compounds that target KATP channels
Opening of K+-channel leads to hyperpolarization activity of the cell membrane,

resulting in a decrease of cell excitability.82, 89, 93, 95 Drugs with this property constitute
therapeutic interventions for a number of vascular diseases such as diabetic and cardiac
diseases.93, 95-97, 100-102 The first generation KATP channel openers (KATPCO) such as
benzopyran (i.e., cromakalim) and cyanoguanidines (i.e., pinacidil) have been used for
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coronary vasolation. They affect the recovery of myocardial function after ischaemia by
activating glyburide-sensitive KATP channels in vascular smooth muscle,99, 103 resulting in
the closure of voltage-gated calcium channels that leads to decreasing Ca2+,104 and
relaxation of vascular smooth muscle and vasolation.99 Compounds such as
sulfonylureas including tolbitamide and glibenchlamide are antidiabetic medications. At
normal blood glucose levels, KATP channels expressed in pancreatic β cells are open and
then close as the intracellular concentration of ATP increases, resulting in cell
depolarization and secretion of insulin.105 Antidiabetic drugs such as glibenchlamide and
tolbitamide have been observed to promote insulin secretion in vivo by binding to the
Kir6.2 subunit of KATP channels of pancreatic β cells, leading to channel deactivation and
depolarization of the cell.82, 83
KATPCO that are already marketed were discovered empirically, and most have
serious safety and efficacy problems.106 Considerable efforts have focused on
modification of these commercial drugs to improve their selectivity and reduce their toxic
side effects. Cromakalim and pinacidil, for example, have been used as antiischemic
drugs but have side effects due to their lack of tissue selectivity. They open KATP
channels from a wide variety of tissues.107-109 Efforts have also focused on synthesis and
development of new drugs with better tissue selectivity, including the second generation
KATPCO for treatment of nonvascular disorders such as bladder hyperactivity, asthma,
irritative bowel syndrome and erectile dysfunction.82, 88, 95, 110 Therefore, large compound
libraries of drug candidates must be screened for their activity, selectivity and potency
prior to further testing in the animal models.
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1.2.4

Drug screening methods
For rapid assessment of large compound libraries or extracts for their activity and

selectivity for a given KATP channel, high-throughput screening (HTS) methods have been
developed.111-115 The term HTS refers to an assay running in a parallel fashion using
multi-well assay plates (96-, 384-, 1536-well). For cell-based HTS assays, each well
serves as a sample holder for cultured cells and also represents one data point, with
measurements commonly made in triplicate. A typical screening protocol involves
treating these cultured cells with test compounds and their effects on cell activities are
then assessed by fluorescence, radiometry, electrophysiological recordings, and/or the
downstream analysis in which proteins or enzymes associated with modulating the
channel activities are assayed.
Fluorescence: To fluorescently detect the binding event, cells must be preloaded
with potassium sensitive dye (KSD) prior to the incubation of cells with test
compounds.111 A „hit‟ is referring to a positive result where a drug candidate activates or
triggers the opening of KATP channels, resulting in the potassium ion influx across the cell
membrane, which is then detected by the preloaded KSD. Several fluorescent dyes such
as SBFI (sodium binding fluorescent indicator) and PBFI (potassium binding fluorescent
indicator) are commercially available from Invitrogen, Inc. The dye loading process takes
anywhere from 45 minutes to 4 hrs depending on the cell types. Although SBFI and PBFI
are classified as sodium and potassium fluorescent indicators, their binding selectivity to
either of the ions are hardly distinguishable.116
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Radiometry: Radioisotopic tracing is a traditional detection method which has
been used for the analysis of ion flux across the membrane in intact cells.117-119 The
method relies on the ligand replacement technique which is used to detect the binding of
test compounds to the target KATP channels.113 Here, a KATP channel-bound drug
compound is replaced with a radioisotopic label of small molecules or peptides. These
ligand substitutes or surrogates are typically labeled with radioactive species such as 125I
and isotopic measurement can be done using a typical gamma counter. Alternatively,
86

Rb can be used as radioisotopic tracer since it is transported by potassium ion channels

with similar properties to K+.119 For ion influx measurements, 86Rb is added to the cell
culture medium prior to the addition of test compounds. After exposing cells to test
compounds, the depletion of 86Rb in the medium or the presence of 86Rb in the cell
cytosol is indicative of KATP channel activation resulting from the binding event.
Electrophysiological recordings: Automated high-throughput patch-clamp
techniques for screening of drug candidates that target potassium ion channels have been
developed.120-122 Unlike traditional voltage-clamp recordings where reference and
working electrodes are typically used, this planar automated high-throughput patch-clamp
recording uses a single electrode fabricated at the bottom of each well and connected to
an amplifier to measure changes of electrochemical signals from the binding of drug
candidates to the target KATP channels. Prior to making measurements, a cell is brought in
and close to the hole at the bottom of the well by suctioning to establish the gigaohm seal,
thus removing the need for micropitte manipulation. This „patch-clamp on chip‟ provides
parallel screenings of ion channels with the data recording proceeding at a much faster
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rate than the traditional patch-clamp method where the measurement is typically
performed on one cell at the time.122 Automated high-throughput patch-clamp screening
has also been performed in a non-planar configuration by injecting cells internally into
the pipette, with one cell sucked to the bottom which forms a high-resistance seal inside
the pipette. Adding test compounds is done by perfusing them into the pipette,
resembling incubation of compounds with the extracellular face of the membrane.122
Downstream analysis: It is hypothetically possible to determine a secondary
messenger, such as specific ions, proteins or enzymes that are the products of or
associated with the binding event of drug compound to KATP channel which causes the
channel activation. At this time, no such an assay method exists for analysis of specific
proteins or enzymes associated with the binding of channel modulators to KATP channels.
However, analysis of a secondary messenger, interleukin-2, produced during the
modulation of Kv1.3 channels, has been performed by ELISA.123 Interleukin-2 (IL-2) is a
hormone of the immune system produced during T cell activation. For such an assay,
cultured T cells were treated with a novel piperidine compound known as UK78,282,
where the binding of this compound to Kv1.3 channels expressed in T cells results in
membrane depolarization, attenuation of Ca+2 influx and inhibiting of T cell activation.124
After 24 hrs of incubating with a stimulating agent, concentrations of IL-2 in UK78,282treated cells were measured and found to be decreased in comparison to the untreated
cells, indicating UK78,282 is a modulator for Kv1.3 channel. This positive result is thus
considered a „hit‟.

44

1.2.5

Shortcomings of the current drug screening methods
Although screening of large compound libraries for their channel modulating

properties using the cell-based assays can be automated for the high-throughput analysis,
these methodologies lack uniform response and channel selectivity.
Given the nature of the growth and maturation rate of cultured cells, which
depend on a number of factors such as their ability to activate maturation promoting
factor (MPF),125 variations in K+-channel density do exist within cell populations.
Furthermore, populations of the cell subtypes as well as phases of the cell cycle are rarely
predetermined prior to the assays, thus leading to variations in the channel density
expressed on each cell. These factors contribute to the variable responses of cells to test
compounds.126 These differences directly impact the readout as defined by percent of the
channel activity in comparison to the positive (100%) and the negative (0%) control. The
decision to rule in or out of any test compounds during the primary screening process
rests on the observed channel activity.
Ion channels are typically identified and classified based on either their structures
and/or functions.76, 84, 95, 97, 117, 127 However, many of these automated HTS assays do not
measure ion channel function directly and thus lack the channel selectivity. The ability to
detect radioisotopic labeled peptide in the ligand replacement technique does not
necessarily confirm the binding of the test compound to KATP channel, simply because
the surrogate could bind to any or all of the cellular ion channels that include K+, Na+,
Ca+2 channel and their corresponding subtypes. Predetermination of the cross-binding
activity must be performed in order to validate a chosen assay method. Such method
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validation requires time and resources. On the other hand, fluorescence detection of the
preloaded KSD constitutes a direct measurement of ion channel function since changes in
fluorescence properties (i.e., intensity and/or spectral shift) can only be observed with the
increasing of intracellular concentrations of K+ as a result of the binding event.
Electrophysiological recordings also measure the ion channel function directly for
which the methods have contributed significantly to the understanding of the structurefunction relationships of potassium ion channels in the past decade. However, patchclamping of the whole cell is rather difficult to perform with the rate of success has been
regularly observed at less than 70%, even with the use of the most advanced planar array
platform.128

1.3

Overview of the objectives of this dissertation
Fluorescence imaging of cell adhesion on synthetic polymer surfaces by total

internal reflection fluorescence microscopy (TIRFM) operating in the steady-state mode
is rather difficult due to intense background fluorescence originating from the emission of
excited intrinsic fluorophores such as proteins, enzymes, NDAH, and FAD,59, 129 and also
from the polymer substrates.16 Methods for correcting high background fluorescence are
not applicable to live cell measurements.64, 66, 68, 69 For this work, time-resolved total
internal reflection fluorescence microscopy (TR-TIRFM) is developed, which will
encompass the construction of the TR-TIRFM instrument and synthesis of the long-lived
emission probes of terbium chelates. The principles of the time-resolved fluorescence, the
chemistry of long-lived probes and the construction of the TR-TIRFM instrument are
presented in Chapter 2. The capability of TR-TIRFM will then be demonstrated by
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examining the extents of cell-substrate contacts. Comparison of the fluorescence intensity
from TIRF images recorded in a steady-state and time-resolved mode are made and
presented in Chapter 3. Synthesis of a novel terbium chelate using a lipid molecule as a
carrier for specific membrane staining specificity and the applications of TR-TIRFM in
fluorescence imaging of adherent cells on a polymer surface are presented in Chapter 4.
In the past decade there has been a decline in the success of the primary drug
screening process, with the „hit‟ rate falling anywhere between 0.1-5 %. In part, this is
due to the lack of specificity and reproducibility of the currently drug screening methods,
while the discovery of channel targets has been on the rise.130-132 Development of a new
drug screening methodology is warranted. In Chapter 5, a potassium ion sensing
platform (KSP) is fabricated on a glass substrate using a sol-gel matrix doped with
potassium ion sensitive dye (KSD) as a signal transducer. Similar to the cell in which a
membrane bilayer serves as a barrier between the cytosol and extracellular volumes, the
KSP is shielded from the bulk volume by a support lipid bilayer (Figure 1.3). By
reconstituting ligand-gated ion channel proteins (KATP channels) into the lipid bilayer in
which their functional properties are preserved, KSP can potentially function as a
complete potassium ion sensing device (KSD). KATP channel activation by ligands of
interest (i.e., drug candidates) will cause K+ influx across bilayer, followed by K+
diffusion into the porous sol-gel matrix, driven by the concentration gradient, where it
will bind to KSD, resulting in changes of fluorescence intensity. In this work, a
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Figure 1.3: Schematic drawing of a potassium ion sensing platform (KSP) fabricated on
a glass substrate using a sol-gel matrix doped with potassium ion sensitive dye (KSD),
and shielded from the bulk solution
Si Oby a
Si planar
O
Si supported lipid bilayer (SLB). Briefly,
+
passive transport of K by valinomycin across the lipid bilayer into the sol-gel, diffusion
of K+ into porous sol-gel matrix, and binding of K+ to KSD results in fluorescence
Sol-gel network
quenching of KSD.
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simplified version of a fully functional potassium sensing device is demonstrated. Passive
ion transporting of K+ by valinomycin across the bilayer allows the detection of K+ influx
by the time-based total internal reflection fluorescence spectroscopy (TIRFS).
Experimental details regarding spectral characterization of KSDs, construction and
characterization of KSP, formation and characterization of the lipid bilayer-KSP interface
and the detection of the passive transport of K+ by valinomycin are presented in Chapter
5.
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CHAPTER 2
PRINCIPLES AND INSTRUMENTATION FOR TIME-RESOLVED TOTAL
INTERNAL REFLECTION FLUORESCENCE MICROSCOPY (TR-TIRFM)
2.1

Introduction
Fluorescence is the emission of light occurring from a singlet excited state of an

electronically excited molecule as it returns to the ground state. The rates of emission of
typical organic chromophores are rapid (~108s-1), and the emission lifetime is on the
nanosecond timescale (~10 ns). Fluorescence observation is routinely performed in the
steady-state mode with continuous illumination of the sample and data acquisition. The
observed intensity is thus an average value of the system under observation. This mode of
measurement is quite sufficient for determining ensemble values (i.e., concentration of an
analyte), but much of the physical and chemical properties of fluorophore cannot be
determined from time-averaged measurements. Information such as conformational
changes of bioactive molecules due to changes in temperature, pH, and solvent polarity,
or as a result of a receptor-ligand binding event is crucially important for the
understanding of their physical and functional properties. Time-resolved observation is
capable and has been used for probing the dynamic physical and functional properties of
bioactive molecules. This measurement technique involves the observation of time-based
intensity decay curves, which can provide information about rates of folding or
unfolding, or ligand binding and dissociation.133-135 Anisotropy fluorescence decay
measurements contain information about the size and shape of proteins or the rigidity of
protein molecules in their respective environments.136-139
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Gated detection of the time-dependent fluorescence is a useful approach to reduce
high background fluorescence in cell and tissue measurements. A probe molecule having
an emission lifetime much greater than the sources of background emission is used as the
extrinsic label. After the excitation of the sample with a light pulse, a time delay is
allowed during which the short-lived background emission (~10 ns) decays to a
negligible level, prior to measuring the emission from the extrinsic label. This gating
technique affords the detection of the long-lived emission from the label, while
eliminating the short-lived emission from the sources of background emission. Timeresolved fluorescence detection is a well established technique for achieving high
sensitivity in ligand binding assays.140, 141 Chelates of europium and terbium are usually
employed as labels because their lifetimes are considerably long, typically on the ms
timescale.
Using the time-resolved detection to measure long-lived luminescence from
biological specimens through a microscope is a relatively recent development.142 Marriott
et al.143 described an epifluorescence microscope that employed two mechanical
choppers, rotating out of phase, and a slow-scan CCD camera to image phosphorescence
emission from cultured cells and chromosomes stained with organic dyes. The
epifluorescence microscope constructed by Seveus et al.144 used a xenon flash lamp for
excitation, a single mechanical chopper in the emission path and a slow-scan CCD
camera. Streptavidin and antisera labeled with a europium chelate were used to localize
target mRNA and antigens in cells and tissues. In this work, time-resolved total internal
reflection fluorescence microscopy is used for fluorescence imaging of cells adhered on
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substrate surfaces. This requires a long-lived emission probe and necessary
instrumentation. Here a microscope is designed for steady state and time-resolved
fluorescence measurements. Unlike previous designs, the TIR illumination geometry is
utilized, the CCD imager is temporally gated using a liquid crystal shutter (LCS), and a
spectral acquisition channel is used to supplement image capture.

2.2

Overview of the chemistry of terbium chelates
Considering the difficulties and health hazards associated with the production,

delivery, and disposal of radioisotopic species such as 125I, 32P, and 3H, as well as their
short shelf-life and long acquisition time in order to obtain good sensitivity, fluorescent
labels such as rhodamine and fluorescein are an alternative approach since organic
chromophores are generally stable, easy and safe to use. However, measurements of
biological samples frequently produce high background fluorescence or autofluorescence,
resulting in poor signal-to-noise (S/N), small dynamic range, and low sensitivity.59-61, 145,
146

The use of lanthanide fluorescence is an alternative approach for the reduction of
background fluorescence in biological samples.140, 141, 145, 147-149 Tb+3 and Eu+3 are the
most common lanthanide ions used as fluorescent labels. Both have advantages over the
conventional organic chromophores such as rhodamine and fluorescein, including a large
Stroke shift (>200 nm), sharp emission peaks (>10 nm full width at half maximum), long
emission lifetime (in msec range), and solubility in aqueous buffer. However, with a
molar absorptivity of 1 cm-1M-1, approximately 40,000-70,000 times less than that of the
conventional organic chromophores, these metal ions do not absorb light appreciably. In
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Figure 2.1: A schematic diagram of the intramolecular energy transfer mechanisms in
the terbium ion-chelate system. (A) Light is absorbed by an organic chromophore such as
a p-aminosalicylate (pAS), resulting in electronic transition from the ground state (GS) to
the excited state (ES). (B) Transferring of the absorbed energy from the triplet excited
state of a chromophore to the singlet state of Tb+3 (5D4) via the intersystem crossing (IC).
(C) For ligands exhibiting phosphorescence properties such as polyacid chelates derived
from 2.6-bis(N-pyrazolyl)pyridine,150, 151 intramolecular energy transfer can occur from
their lowest triplet excited state to the 5D4 resonance level of Tb+3, providing the rates of
the transfer via IC are favorable over the deactivation mechanism of the T1 state by
ligand phosphorescence.
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fact, Tb+3 and Eu+3 and the rest of the lanthanide metal ions are characteristically weak in
light absorption due to the forbidden f → f* electronic transitions as there is no change in
the electron parity between the ground and excited state.148 Direct excitation of these
lanthanide metal ions is therefore impractical. Converting an otherwise fluorescently
inactive Tb+3 or Eu+3 to a light emitting species involves chelation of an organic
chromophore and light absorber molecule to the metal ion. That is, energy is absorbed by
the organic chromophore and then intramolecularly transferred from the singlet excited
state of the chromophore to the triplet excited state of the metal ion, from which the
energy is finally dissipated via the ion fluorescence emission.145, 152 This process is thus
termed „sensitization‟. Another intramolecular energy transfer mechanism involves the
transfer of the absorbed energy from the lowest triplet excited state of a chelating organic
chromophore to several different 5Dj resonance levels the metal ion as depicted in Figure
2.1.
Tb+3 is a hard cation, binding preferentially to oxygen and nitrogen atoms.147, 153,
154

Polyaminocarboxylates such as diethylenetriaminepentaacetate (DTPA), trans-1,2-

diaminecyclohexanetetraacetate (DCTA), and ethylenediaminetetraacetic acid (EDTA)
bind strongly to Tb+3 at neutral pH, having the association constants (pKd) of 21, 19, and
16, respectively.155 A ligand with high affinity serves not only as a shield to prevent
quenching of the metal ion by water molecules but also as a scaffold for attachment of the
organic light absorber and a reactive group for coupling of the chelate complex to
biomolecules. DTPA and EDTA bearing p-aminosalicylate (pAS) and p-aminobenzoate
(pAB) moieties have been prepared and their sensitization properties evaluated.156 All
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chelates synthesized in this work, DTPA-pAS, DTPA-pAB, EDTA-pAS, and EDTApAB, were found to sensitize the Tb+3fluorescence but not Eu+3 fluorescence. The
quantum yield and the emission lifetime of Tb-DTPA-pAS have been determined to be
0.1 and 1.5 msec, respectively.157, 158 Increasing the number of chromophores (Tb-DTPA(pAS)2) does not result in a significant increase in either the quantum yield or the
emission lifetime,159 suggesting the pAS-Tb+3 separation distance may play a critical role
in the sensitization process.
The concept of Forster resonance energy transfer extends to the through-space
intramolecular energy transfer between the singlet excited state of pAS and the triplet
excited state of Tb+3 where the transfer rates are exponentially dependent on the donoracceptor separation distance.160, 161 Sensitization of Tb+3 fluorescence has also been
observed with ligands exhibiting phosphorescence properties. Latva et al.151 evaluated 41
chelates for the sensitization of Tb+3 fluorescence and observed the energy back transfer
in ligands whose lowest triplet excited state (T1) is lower than the 5D4 resonance level of
Tb+3, whereas sensitization was observed with ligands whose T1 level was higher than the
5

D4 resonance level of Tb+3. This energy back transfer occurs when the energy difference

between the 5D4 level of Tb+3 and the lowest triplet state of the ligand is less than 1850
cm-1 (<50 nm). In summary, the 5D4 resonance level is approximately 20,500 cm-1, which
is equivalent to 487 nm; ligands that emit phosphorescence with a maximum peak greater
than 537 nm do not sensitize Tb+3 fluorescence, while ligands that emit phosphorescence
with a maximum below 465 nm does. The quantum yield and emission lifetime for the
latter group of chelates are greater than 0.1 and in the ms range, respectively. Other
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terbium chelates such as dipicolinic derivatives have also been prepared and evaluated.162
Although this series of chelates demonstrated an extremely low detection limit (pM
range), their emission lifetime is shorter (~0.7 msec) than Tb-DTPA-pAS (~1.5 msec).

2.3

Evanescent field excitation
An evanescent field is the result of light undergoing totally and internally

reflected as depicted in Figure 2.2A. Light travels from a material of higher refractive
index, fused silica glass in this case, into the buffer phase with the refraction angle
greater than the incident angle according to the Snell‟s law (left most of diagram). When
the incident angle approaches 67.6°, light travels in parallel to the substrate surface in
which the angle of diffraction is equivalent to 90° (middle of diagram). This incident
angle is called the „critical angle‟. Different substrates have different refractive indices
and thus have different critical angles. When the incident angle is increased beyond this
critical angle, light is totally and internally reflected back into the fused silica substrate.
Light traveling through a fused silica-buffer interface creates an electromagnetic wave or
evanescent wave in the buffer with intensity exponentially decaying as a function of the
distance from the interface.41, 55
An evanescent field, with a penetration depth of a few hundred nm into the
solution phase to selectively excite fluorophores situated very near the substrate surface,
has been employed for biophysical studies and probing the chemical properties of
molecules in a number of systems (Chapter 1, Section 1.1.4.6). For this work, an
evanescent field is applied to selectively excite a terbium chelate partitioning in the cell
membrane (Figure 2.3).
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(B) Penetration depth of an evanescent wave in TE polarization (Eq. 1)
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Figure 2.2: A schematic drawing of light traveling through a fused silica-buffer interface
for which the relationship between the angle of incident and refraction is described by
Snell‟s law. (A) Light is incident upon a fused silica-buffer interface with an exit angle
(angle of refraction) greater than the incident angle (Ө1 < Ө 2). When the angle of
incidence approaches the critical angle (67.6°, calculated using refractive index of 1.46
for fused silica and 1.33 for buffer), light travels in parallel to the substrate surface.
Increasing the incident angle beyond the critical angle, light undergoes total internal
reflection, creating an evanescent wave at the point of reflection with the intensity
decreasing exponentially as a function of distance into the buffer. (B) For TE
polarization, using a 325-nm laser beam coupled into a fused silica substrate at 70°, the
penetration depth of an evanescent field is calculated at 77 nm using the equations
derived by Burmeister et al.16
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Figure 2.3: A schematic presentation of an evanescent field used in the excitation of a
cell membrane-associated terbium chelates. The TEM00 mode of the 325 nm output from
a He-Cd laser is coupled into a fused silica slide at 70º, resulting in an evanescent field at
the point of reflection with a penetration depth of approximately 77 nm. Fibroblast cells
are cultured on synthetic polymer coated fused silica glass, fixed, and labeled with
terbium chelate. Drawing is not to scale.
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Fully spread, adherent cells that are cultured on substrate surfaces have a
thickness on the µm scale. Therefore, time-resolved fluorescence imaging of the cell
focal contacts and regions that are very near the substrate surface is possible using
appropriate instrumentation.

2.4

Instrumentation
A TR-TIRFM constructed around a Nikon Diaphot inverted microscope is

depicted in Figure 2.3. Additional information regarding the initial construction of the
instrument and a demonstration of its capability can be found elsewhere.163 Briefly, the
325-nm output of the helium-cadmium laser (Liconix 3207N) is mechanically chopped at
400 Hz in order to generate a pulsed light source which is required for excitation of
samples in time-resolved measurements. Two wheels mounted on the chopper are
misaligned to produce a 20% duty cycle (open). The beam polarization is adjusted with a
halfwave plate (Newport) to allow transverse electric (TE or s) polarized excitation at the
sample. The beam is focused into the fused silica slide using a fused silica 70°
trapezoidal prism (Harrick Scientific), producing a total reflection angle of 70° in the
slide. The beam power at the prism was proximately 1 mW. Emission is collected using a
4X (0.13 numerical aperture (NA)), a 20X (0.4 NA), or a 40X (0.55 NA) phase contrast
objective. The sample contacts the upper face of the slide while the collection objective is
positioned below the lower face. For epi-illumination, the laser beam is expanded 20fold, reflected upward by a 290 nm dichroic mirror, and focused by a 20X (0.75 NA)
fused silica objective onto the sample.
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The microscope was modified to incorporate a bottom camera port; light collected
by the objective reaches this port when the mounted mirrors that normally reflect light to
either the side or front camera ports are slid out of the light path. Image acquisition is
performed at the bottom port using a CCD array (Tektronix TK512CB) mounted in a
cryogenic Dewar (Photometrics). The camera interface was configured for readout at 40
kHz with 16 bits of resolution, and was controlled via a Macintosh Quadra 700 using
IPLab software (Signal Analytics, Vienna, VA). The CCD was cooled to approximately 105 C° for all measurements.
Time-resolved fluorescence imaging is performed using a liquid crystal shutter
(LCS) to expose the CCD asynchronously with the laser pulse, allowing luminescence
excited by multiple laser pulses to be integrated on the array. The LCS-CCD system was
described previously.163 Briefly, a TTL output from the chopper driver signals the
beginning of the excitation pulse. After a time delay elapses, the LCS opens, exposing the
CCD to delayed luminescence. The lengths of the delay and the LCS detection gate as
well as the total number of exposures prior to readout are programmed using Lab
Windows software (National Instruments) running on a PC-386 computer equipped with
an I/O board (AT-MIO-16L, National Instruments). Aqueous fluorescein was used as a
standard to define the length of the delay (325 µs) and gate (800-1500 µs, depending on
the sample) necessary to discriminate against prompt fluorescence emission during timeresolved image acquisition. Acquisition of a prompt fluorescence image, referred to
below as steady-state imaging, is performed by reducing the delay to 10 µs which makes
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the excitation pulse and the LCS gate substantially overlap. Integrations were performed
for 30 or 60 sec (i.e., 1.2x104 or 2.4x104 excitation pulses).
Temporally gating a slow-scan CCD is more commonly performed with an image
intensifier. However, these devices typically have higher dark current, lower quantum
efficiency, lower field uniformity, and a less linear response than a scientific CCD.164
Furthermore, intensifier-to-CCD coupling efficiencies are usually less than 15%. An
image intensifier does have much better temporal resolution than an LCS, but higher
resolution is not required for imaging fluorescence from a probe with a lifetime in the ms
timescale.
The side camera port of the microscope is used for spectral acquisition. The light
is focused through a variable, rectangular aperture located at an intermediate image plane.
The dimensions of the aperture are adjusted to limit light collection to a defined region of
the field of view. The light is then refocused onto the entrance slit of a monochromator
(Spectra-Pro 275, Acton Research). Emission is detected with a phtomultiplier tube
(PMT) (9816-B, Thorn EMI) mounted in a housing (TE104RF, Products for Research)
thermoelectrically cooled to ca. -30 C°. The steady-state dark count rate was ca. 50 Hz.
The PMT signal is processed by a photon counter (SR400, Stanford Research). For
acquisition of time-resolved fluorescence spectra, the counter is operated in a temporally
gated mode using the chopper driver TTL output as a timing signal. The delay prior to
initiating counting and the gate during which counting takes place were set at 600 µs and
1200 µs, respectively. Similarly to the LCS-CCD system, these parameters were defined
using aqueous fluorescein as a prompt fluorescence standard. Counts were integrated
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over 900 ms intervals (i.e., 360 excitation pulses, which corresponds to 432 ms actual
counting time), with a 100 ms recovery period between integrations. Steady-state spectra
were acquired by counting photons during the entire 900 ms integration interval. All
aspects of spectral acquisition were controlled from the PC-386 using Lab Windows
software. Spectra were not corrected for instrument response.
Note that the delays employed for time-resolved imaging and spectral acquisition
are nominal. In each case, the actual delay is the sum of the nominal delay and the
response time of the respective subsystems. Since the response time of the LCS is
comparatively slow, the difference in actual delays is substantially less than the normal
difference of 275 µs. Using the temporal rejection of fluorescence emission to define the
nominal delays makes the actual difference certainly less than 50 µs.

2.4.1

Image processing
Each fluorescence image displayed herein is the mean of five sequentially

acquired images of a static field. After a bias image was subtracted from each raw image,
the mean image was computed, and a flat-field correction was performed.165 To equalize
photobleaching effects, steady-state and time-resolved images of each field were acquired
in an alternating sequence. For display purposes only, a thresholding routine was used to
enhance visual contrast.

2.5.

TIRF calibration
A calibration curve was constructed by measuring the fluorescence emission as a

function of fluor concentration in the evanescent volume sampled with TIR excitation. A
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clean fused silica slide was mounted in a TIRF liquid flow cell, with the liquid contacting
the upper face of the slide. A dilution series of Tb-YAS-dextran in 0.1 M HEPES buffer,
pH 7.2, was injected in order of increasing concentration. Emission images of the TIR
excitation spot were recorded through the 4X objective using time-resolved CCD
detection with 30 sec integration. The intensity profile of the emission image was
Gaussian; the area within ± 2σ of the maximum contained 8.42 x104 pixels (3.8 mm2).
The emission intensity was taken as the mean pixel intensity within a rectangular
boundary that enclosed the central 17.8% (1.5 X 104 pixels) of the area within ± 2σ.
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Figure 2.4: A schematic diagram representing a time-resolved total internal reflection
fluorescence microscopy and spectroscopy (TR-TIRFM and TR-TIRFS). A Nikon
Diaphot inverted microscopy is modified to incorporate a helium-cadmium laser, a pulse
generator (chopper), a time-gated CCD camera, a monochromator, a PMT, and
computers. Briefly, a 325-nm output from He-Cd laser is mechanically chopped and
filtered to allow only TE polarization to be coupled into a fused silica substrate at 70º
angle. Fluorescence samples are then excited by an evanescent field with a penetration
depth of ca. 77 nm, where sample fluorescence is collected by an objective and the signal
is focused onto either a time-gated CCD camera for imaging or to a monochromator slid
for spectroscopic measurements.
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Figure 2.5: A schematic diagram of a time-gating technique applied to the LCS-CCD
system. After the expiration of an excitation pulse, a time delay of 325 µs occurs to allow
the short-lived emission to decay to a negligible level, after which an LCS is open and a
CCD camera begins to acquire data by recording fluorescence of the long-lived emission
that is being directed and focused onto the window of the CCD camera. The LCS-closes
prior to the arrival of the next excitation pulse. The delay time of 325 µs is calibrated
using fluorescein in solution as a calibrant since the molecule has an emission lifetime
comparable to the short-lived emission of the intrinsic chromophores in cells.
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CHAPTER 3
TIME-RESOLVED TOTAL INTERNAL REFLECTION FLUORESCENCE
MICROSCOPY OF CELL ADHESION ON BARE FUSED SILICA GLASS
3.1

Introduction
Background fluorescence observed in the measurement of cells and tissues

originates from the emission of a number of intrinsic molecules such as proteins,
enzymes, metabolites such as NADH and pigment molecules that are excited by the UVVis radiation. This phenomenon, termed „autofluorescence‟ (Chapter 1, Section 1.1.5),
is characterized by its broad band emission covering regions of interest (300-700 nm),
with the intensity declining toward the near infrared regions but does not disappear
regardless of the chosen excitation wavelengths. Since the observed intensity of the
background fluorescence is typically higher than that of the conventional labels such as
rhodamine and fluorescein, the accuracy of measurement is significantly reduced,
especially when the specimen has a low label density. Therefore, autofluorescence
compromises the use of fluorescence microscopy as an analytical tool for qualitative and
quantitative measurements of cells and tissues.
Selective detection of a long-lived emission such as Tb+3 and Eu+3 fluorescence in
the presence of short-lived background emission in time-resolved spectroscopic
measurements of biological specimen is a well established technique,140, 141, 144, 145, 147, 148,
154, 157, 158, 166, 167

but its application to fluorescence microscopy is a relatively new

development.142-144 For this work, Tb+3 chelates are synthesized and applied to stain the
cell membrane for imaging of adherent cells on bare fused silica substrates using total
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internal reflection fluorescence microscopy (TIRFM). Fluorescence imaging is performed
in both steady-state and time-resolved modes, and the observed intensity from the two
sets of data are then compared.

3.2

Experimental section

3.2.1

Chemicals and cell culture supplies
Terbium chloride hexahydrate (TbCl3-6H2O), 4-(2-hydroxyethyl)-l-

piperazineethane sulfonic acid (HEPES), diethylenetriaminepentaacetic dianhydride
(YdA), 4-aminosalicylic acid, sodium salt dihydrate (PAS), phenyl 4-aminosalicylate
(phenylAS), aminopropyltriethoxysilane (APTS), fluorescein, sodium salt,
dimethylsulfoxide (DMSO), and triethylamine were obtained from Aldrich Chemical Co.
Amino dextran (MW = 9,300 containing 1-2 amino/dextran molecule) was purchased
from Pierce Chemical Company. Tetramethylrhodamine labeled dextran (neutral in
solution, 70,000 MW with labeling ratio of 3.8 TMR /dextran) and l,l-dioctadecyl3,3,3‟,3‟-tetramethylindocarbocyanine perchlorate (DiIC18) were purchased from
Molecular Probes. Affinity purified avidin, Hank‟s Balanced Salt Solution (HBSS)
without phenol red, Dulbecco‟s modified Eagle‟s medium (DMEM) without phenol red,
penicillin G, streptomycin sulfate, trypsin, trypan blue, and fetal calf serum were
purchased from Sigma Chemical Co. All chemicals were used as received. Phenyl-4salicylate and p-aminosalicylate sodium salt were dehydrated at 110C overnight prior to
usage.
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3.2.2

Synthesis of terbium chelates
DTPA-pAS was prepared by dissolving diethylenetriaminepentaacetic

dianhydride (DTPAdA) (357 mg, 1.0 mmoles) in 2.9 mL dimethylsulfoxide (DMSO)
containing 0.1 mL triethylamine, followed by adding dropwise of a solution of anhydrous
p-aminosalicylate (17.5 mg, 1.0 mmoles) in DMSO, and the solution mixture was
continuously stirred for 30 minutes or as required until the solution becomes clear. The
molar ratio between the anhydride and amine reactive groups is calculated at 1:1.
Typically, a solution of DTPAmA-pAS adduct was stored at -5 C for later use in the
required coupling reactions. DTPA-PhenylAS was prepared using the same coupling
procedure to that of DTPA-pAS. To examine the fluorescence properties of DTPA-pAS
and DTPA-PhenylAS, a 100-µL volume of the anhydride form of both chelates was
hydrolyzed in buffer of physiological pH containing Tb+3 and the solutions were exposed
to a UV-Vis radiation, resulting in the emission of green fluorescence which is
characteristic of Tb+3 emission. Since Tb+3 does not fluoresces without being sensitized
due to its low molar absorptivity, the observation of bright green fluorescence from the
sample vials suggests the complexation of both DTPA-pAS and DTPA-PhenylAS to
metal ion has taken place.
Dextran-DTPA-pAS was prepared by adding dropwise a solution of DTPAmApAS (2.5 mL) to aminodextran (100 mg, 10 moles) dissolved in 2.5 mL of DMSOpyridine (9:1, V/V)), and the solution mixture was stirred continuously for 60 minutes. A
5.0 mL volume of deionized water containing TbCl3 (100 mg, 269 moles) was then
added to the reaction vial and stirring continued for 10 minutes. Isolation and purification

68

Reaction scheme 1:

Diethylenetriaminepentaacetic

O

-

COO

O
N

dianhydride (DTPAdA)

N

1) pAS
NH2

O

N

N

O

N

O

Et3N

O

YAS anhydride

O

DMSO

O
O

O-

O

O

-

O

COO

-

-

O

O

N
O

-

O
-

NH

2) PhenylAS

-

COO

O
-

O

N

O

NH2

NH

O

O

O

O

N

N

-

O

O

O

O

-

O

O

PhenylYAS anhydride
Reaction scheme 2:
YAS anhydride

Aminodextran
HO

O

-

COO

NH

N

-

-

N

+

O
N
O

H

O-

H

O

OH

n

H
O

OH OH

H

O

O

O

OH
H

H

O

OH OH
H

O
O

O OH
H HO
NH2
OH H

O

HO
H

H

O

OH
H

OH OH

O
H

H

O

OH
H

OH OH

O

O

n

NH
-

COO
O OH
H HO
H
NH
OH H

N

-

-

O

O

N
O
N

O

O

OH

HO
O

Figure 3.1: Reaction schemes in synthesis of terbium chelates. In reaction scheme 1, the
dianhydride form DTPA and amine pAS (1) or phenylAS (2) yielded reactive
carboxamides, DTPAmA-pAS and DTPAmA-phenylAS, which are hydrolysable in the
presence of water to produce terbium chelates. In reaction scheme 2, DTPAmA reacts
with aminodextran to produce a water soluble terbium chelate.
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of Tb+3-Dextran-DTPA-pAS complex were performed by diluting the solution to a 50 mL
total volume with laboratory graded ethanol, causing precipitation of a white substance
which was subsequently vacuum-filtered, washed three times with ethanol, and
lyophilized for 24 hours. Upon exposure to a UV lamp, the collected white substance was
observed to emit a bright green fluorescence, indicative of Tb+3fluorescence. This
terbium dextran complex was stored at -5 C. All chelates were characterized by UV-Vis
absorption and fluorescence measurements.

3.2.3. Cell culture
Cells were passaged by washing with Hank‟s Balanced Salt Solution (HBSS,
Sigma) and detached by incubation for 5 min in 2 mL trypsin solution (2.5 mg/mL)
containing 0.009% NaCl), and resuspended in supplemented medium at a density of ca. 1
X105 cells/mL. Passage numbers 10 through 30 were used for the experiments described
herein.

3.2.4

Preparation of samples for microscopic measurements

3.2.4.1 Substrate cleaning
Fused silica microscope slides (Esco, Oak Ridge, NJ) and coverslips (Dynasil,
Berlin, NJ) were used throughout the TIRF and epifluorescence measurements due to
their transparency and low level of fluorescence background. Slides and coverslips were
cleaned by mechanically scrubbing with a cotton ball soaked in 2% detergent solution
(PCC-54, Piece Chemical, Inc.), rinsing with deionized water, sonicating for 20 minutes,

70

rinsing again with deionized water, and drying at 120 C in a temperature-control
incubator (WVR, IL).

3.2.4.2 Cell plating
A 0.5 mL volume of cell solution (density calculated at 1x105cells/mL) was
transferred to a TIRF liquid cell, then diluted to a total volume of 5.0 mL with culture
medium, and maintained in an environmentally controlled incubator for 48 hours. Full
adhesion and spreading of cultured cells was visually observed under a microscope to
require an incubation of 48-72 hrs. For epifluorescence measurements, cells were
cultured on a coverslip. The cells were sandwiched between two coverslips using a
Teflon O-ring as spacer between them to create a small volume compartment of buffer.

3.2.4.3 Cell labeling
After 48 hours of plating, cells grown in a TIRF liquid cell were washed with
HBSS, fixed in formaldehyde solution, and labeled with Tb+3 chelates. For the instance
where live cells were examined, fixation was not required and the TIRF liquid cell was
washed with fresh culture medium, followed by the addition of a 5.0 mL volume of the
culture medium containing DTPA-PAS-dextran- Tb+3 (1.0 M). For a majority of cell
samples, cells were fixed by incubating in a 5.0-mL volume of 3.7% formaldehyde
solution for 20 minutes at room temperature, washed with deionized water, incubated in
solution containing a membrane label, and washed. To label cells with DTPA-phenylAS,
fixed cells were incubated in a 5.0 mL volume of HEPES containing the label at 16 M
for 60 minutes, washed three times with deionized water, followed by incubation in a 48
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µM Tb+3 in deionized water for 5 minutes, and washed three times with deionized water.
To label cells with DiIC18, fixed cells were incubated in a 5.0 mL volume of deionized
water containing the label (16 µM, prepared from 0.32 mM of DiIC18 in methanol diluted
to 20 times with deionized water) for 20 minutes and washed with deionized water. All
fixed cell samples were examined under a final 5.0 mL volume of deionized water.

3.2.5

Microscopy of cells
A Nikon Diaphot inverted microscope was modified to include the TIR excitation

geometry, an imaging device (CCD), and a spectroscopy unit. Specific details regarding
the construction are described in Chapter 2, Section 2.5. Briefly, phase-contrast images
were acquired by illuminating cells with a W lamp. The cell image was redirected onto
the detector field and recorded by a liquid nitrogen cooled CCD camera. A phase-contrast
image was recorded once and used as a reference image to identify the cell periphery and
areas. For fluorescence imaging, a 325 nm, TE polarized line from a He-Cd laser was
used as an excitation source instead. The laser beam was coupled into the TIRF liquid
cell using a fused silica prism and the index matching fluid. Image acquisition was
performed and recorded by the cooled CCD camera. Data were acquired in both the
steady state and time-resolved modes. Fluorescence imaging and spectroscopy were
performed in an alternating sequence between the steady-state and time-resolved modes
of measurements.
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3.2.6

Image processing
Each fluorescence image shown in this chapter is the average of five images that

were sequentially acquired. After a bias image was subtracted from each raw image, the
mean image was computed and a flat-field correction was performed.165 To equalize
photobleaching effects, steady state and time-resolved images of each field were acquired
in an alternating sequence. For display purposes only, a threshold routine was used to
increase visual contrast.

3.2.7

Spectroscopy of cells
Fluorescence spectroscopy is performed in an alternating sequence with TIRFM

as previously described by adjusting a sliding mirror to a position where the image of
view is focused onto a variable, rectangular aperture located in an intermediate image
plane. Adjusting the dimensions of the aperture is necessary to limit light collection in a
defined region of the field of view where it is then refocused onto the entrance slit of a
monochromator. The emission signal is detected with a photomultiplier tube (PMT) and
processed by a photon counter. More details of the spectroscopy instrumentation, setup
and operation are described in Chapter 2, Section 2.5.

3.3

Results and discussion
The capability of the microscope to selectively detect, via temporal resolution, the

presence of a long-lived luminescence label in biological cells in vitro was examined. Tb
chelates having lifetimes of ca. 1.5 ms158 were employed as long-lived labels. Steadystate and time-resolved measurements were performed on cultured mouse 3T3 fibroblasts

73

that were stained with Tb+3-DTPA-phenylAS. For comparison purposes, the capability to
temporally reject prompt extrinsic and intrinsic fluorescence emission from 3T3 cells was
also examined. In these cases, cells were stained with DiIC18, a widely used cell
membrane label with a lifetime of less than 10 ns,168, 169 or left unstained. The
experiments with unstained cells are described first in order to define the nature of the
background signal that we are attempting to eliminate via the time resolution. All
measurements were performed at 40X magnification.

3.3.1

Synthesis of terbium chelates
The overall procedure to prepare terbium chelates is summarized in Figure 3.1, in

which terbium chelates were obtained by the reactions presented in either Reaction
scheme 1 or 2. In Reaction scheme 1, the reaction between a reactive amine coupled to
an anhydride of DTPA in dehydrated DMSO to produce DTPAmA-pAS or DTPAmAPhenylAS via amide bond formation. These monoanhydride adducts are of anhydride
molecules with the presumed structures shown in Figure 3.1 and can be easily
hydrolyzed in the presence of water molecules to produce terbium chelates. After
dissolution in water containing Tb+3, the product of the Scheme 1 observed to emit bright
green fluorescence when exposed to a UV lamp, indicating the sensitization property of
the chelate. The product of Scheme 1 is sparingly dissolved in water but is miscible in
methanol. In a water-methanol mixture (1:1) containing Tb+3, DTPA-phenylAS was also
observed to emit green fluorescence under a UV lamp. Similarly to DTPA-pAS, the
reaction of DTPAmA-pAS to an aminodextran yields another water soluble terbium
chelate with presumed structure shown in Reaction Scheme 2, Figure 3.1, for which a
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solution containing Tb+3 was observed to emit bright green fluorescence under a UV
lamp. Tb+3-DTPA-pAS has a quantum yield and emission lifetime of 0.1 and 1.5 ms,
respectively.157, 158
UV-Vis absorption and fluorescence methods were used to characterize the
synthesized terbium chelates. pAS, DTPA-pAS, and DTPA-phenylAS absorbed light
from 240-340 nm with an absorption maximum at 302 nm as depicted in Figure 3.2.
Similarly to DTPA-pAS, the dextran conjugate absorbs UV radiation with a maximum
absorption peak of interest around 300 nm (spectrum not shown); suggesting that
conjugation of DTPA-pAS to the dextran molecule does not change the light absorption
property of the chromophore.
In water containing Tb+3, solutions of DTPA-pAS, DTPA-phenylAS, and DTPApAS-dextran were observed to emit fluorescence with a representative of the emission
spectrum shown in Figure 3.3. Typically, terbium ion fluorescence is characterized by
the appearance of three sharp peaks that are appeared around 490 nm, 545 nm, and 585
nm, corresponding to the deactivation of the singlet excited state 5D4 to the 7F6, 7F5
(Figure 2.1). The most intense peak is usually observed at 545 nm (7F5), whereas the 7F3
peak near 620 nm is the weakest emission line and often times not observed. The
excitation and emission spectra of Tb+3-DTPA-pAS-destran and Tb+3-DTPA-PhenylAS
(spectra not shown) are similar to that of Tb+3-DTPA-pAS as expected since the dextran
and phenyl moieties do not influence the singlet excited state of the metal ion, thus
preserving the Tb+3 emission characteristics. The sharp, atomic-like emission peaks of
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Figure 3.2: Absorption spectra of pAS (thin solid line), DTPA-pAS (dashed line), and
DTPA-PhenylAS (thick solid line). Molar absorptivity data for DTPA-pAS and DTPAphenylAS, and DTPA-pAS-dextran are summarized in Table 3.1. pAS and DTPA-pAS
were measured in HEPES buffer (pH 7.5), and DTPA-PhenylAS was measured in watermethanol mixture (1:1). The concentration of each sample is approximately 100 mM.
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Figure 3.3: Fluorescence excitation (left) and emission (right) spectrum of Tb+3-DTPApAS measured in HEPES (pH 7.5). The excitation spectrum was acquired by scanning
the excitation monochromator from 250-400 nm with the emission wavelength set at 545
nm. The emission spectrum was acquired using a 325 nm excitation wavelength with the
emission monochromator scanned from 450-600 nm.
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Figure 3.4: Log10 of the emission intensity vs. time for Tb+3-DTPA-pAS with the
excitation wavelength set at 325 nm. The sample concentration is 25 nM in HEPES (pH
7.5).
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Table 3.1: Summary of results obtained from UV-Vis and fluorescence measurements.
For absorption measurements, the concentration of PAS, DTPA-pAS, and DextranDTPA-pAS in phosphate buffer (pH 7.4) is 40 µM, whereas DTPA-PhenylAS is 20 µM
in methanol-water (1:1). For fluorescence measurements, the spectra were not corrected
and the center position at full-width at half-maximum is reported. Lifetime is inversely
proportional to the slope (-1/τ) of Log (I) vs. times (msec).

Chromophores

Molar absorptivity

Fluorescence

Lifetime

(€λ = 305 nm)(cm-1M-1)

(λmax) (nm)

msec)

PAS

8750

---

---

DTPA-pAS

7975

488,545,596

1.52

DTPA-PhenylAS*

8500

487,544,594

1.48

Dextran-DTPA-pAS

7800

489,545,595

1.27

*in methanol-water (1:1).
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Tb+3fluorescence are due to the shielding of the 4f8 by the [Xe] orbital.147 This
observation is consistent with the results reported elsewhere.157-159, 166 The emission
lifetime of all Tb+3chelates was determined by acquiring their emission intensity as a
function of time. The intensity data are then expressed into a single exponential decay by
Eq. 1:

I (t) = Io e(-t/τ)

where I (t) representing the fluorescence intensity measured at time t, Io is the initial
intensity observed right after the excitation, and t is the emission lifetime. A plot of log I
vs. time shown in Figure 3.4 provides the basis for determining the fluorescence lifetime
with results summarized in Table 3.1. The fluorescence lifetime of Tb+3-DTPA-pAS is
1.52 ms, the lifetime typically observed for this chelate molecule.157-159, 166

3.3.2

Microscopy of unstained cells
A phase-contrast image of an adherent cell cultured on bare fused silica glass is

depicted in Figure 3.5A, showing the cell periphery and areas against the background.
Minimal contrast is seen at the cell periphery, whereas the contrast is greater at the center
of the cell. This is due to the differences in the cell thickness for which the lamellipodial
extension reduces the thickness at the cell edges,170 resulting in a minimal contrast
between the cell periphery and the background. Upon TIR excitation, the cell areas
become autofluorescent against the dark background. The steady-state fluorescence
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Figure 3.5: Images of an unlabeled 3T3 cell adhered on bare fused silica glass. (A) A
phase-contrast image depicts the cell periphery, textures, and areas against the
surroundings; (B) a steady-state TIRF image displays the spatial distribution of
autofluorescence throughout the cell areas with the brightest region localized adjacent to
the cell nucleus as identified by superimposing on the phase-contrast image; (C) a timeresolved TIRF image shows only the background, signifying the disappearance of prompt
autofluorescence intensities due to the rejection of the short lived emission by the LCSCCD system. White boxes are 50x250 pixels.
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Figure 3.6: A graph of the averaged pixel intensities of a steady-state (thinner line) and
time-resolved (thicker line) TIRF images plotted against the cell cross-section. Pixel
intensities were obtained from the sub-row of their corresponding images marked by
white boxes shown in Figure 3.5B-C, averaged, and plotted.
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Figure 3.7: Steady-state (thinner line) and time-resolved (thicker line) TIRF spectra of
sub-region of an unstained cell adhered on a bare fused silica substrate, corresponding to
TIRF images in Figure 3.5.
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appears as patches at the cell edges, a bright vesicle-like area adjacent to the cell nucleus
(when superimposed on the phase-contrast image), and thin lines streaking across the cell
(Figure 3.5B). The image was recorded without a bandpass filter to allow collection of
emission integrated over the entire wavelength interval allowed by the instrumentation.
The autofluorescence appears spatially distributed throughout the entire cell area,
although one area adjacent to the nucleus appears substantially more intense. This
observation is consistent with studies suggesting that autofluorescence originates from
“discrete cytoplasmic vesicle-like regions”.59 The emission is observed across the entire
visible spectrum, although the intensity declines at wavelengths > 600 nm. The primary
emitting species are thought to be reduced nicotinamide adenine dinucleotide (NADH),
riboflavin and flavin coenzymes, and mitochondrial flavoproteins. 59, 60
The time-resolved image of the same field (Figure 3.5C) was devoid of discernible
features, qualitatively demonstrating the temporal rejection of autofluorescence. This
rejection is illustrated quantitatively in Figure 3.6. Pixel intensities were extracted from
the sub-rows marked by the white boxes in Figure 3.5B-C and plotted in Figure 3.6. The
intensity fluctuations observed across the selected region in the steady-state mode were
attenuated to a background level of ca. 100 counts in the time-resolved mode. Figure 3.7
shows the steady-state and time-resolved TIRF spectra recorded from a subcellular region
of another cell on the same slide. The broad emission band with a maximum near 460 nm
was characteristic of all cells examined in this work, and is consistent with the
wavelength distribution of cellular autofluorescence reported by others.59-61 In the timeresolved spectrum, the count rate was reduced to ca. 100 Hz across the entire 200 nm
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interval. These data quantitatively demonstrate highly efficient temporal discrimination
against autofluorescence in single cell samples for both imaging and spectral modes of
detection.

3.3.3

Microscopy of adherent cells stained with terbium chelate
A steady-state TIRF image of a cell stained with Tb+3-DTPA-phenylAS is shown

in Figure 3.8A. To enable simultaneous detection of fluorescence from the three major
Tb emission bands at 489, 545, and 589 nm, no bandpass filter was used. Although the
emission is spatially distributed throughout the cell, the area around the cell nucleus (in
the center, identified by superimposing on a phase-contrast image) is relatively much
brighter. The nature of Tb+3-DTPA-phenylAS staining is unknown but this chelate is only
sparingly soluble in water and therefore is expected to accumulate in hydrophobic
compartments. However, it is apparent from Figure 3.8A that Tb+3-DTPA-phenylAS does
not preferentially stain the plasma membrane but rather appears to be significantly
internalized.
The time-resolved TIRF image of the same field is shown in Figure 3.8B. In
contrast to the results obtained with unstained cells, significant emission is detectable
after expiration of the 325 µs delay, which is consistent with the ms decay kinetics of
Tb+3.158, 163 In Figure 3.9 are plotted the pixel intensities extracted from the rows marked
by the white boxes in the steady-state and time-resolved TIRF images. The intensity
fluctuation across the selected region, which reflects the distribution of Tb+3-DTPAphenylAS molecules within the volume probed by the evanescent wave, is prominent in
both the steady- state and time-resolved profiles.
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Figure 3.8: Steady-state (A) and time-resolved (B) TIRF images of 3T3 cell stained with
Tb+3-DTPA-phenylAS. The dimensions of the white boxes are 30x180 pixels.
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Figure 3.9: A graph of the averaged pixel intensities of steady-state (thinner line) and
time-resolved (thicker line) TIRF images plotted against the cell cross-section. Pixel
intensities were obtained from the sub-row of their corresponding images marked by
white boxes shown in Figure 3.8A-B, averaged, and plotted.
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Figure 3.10: Steady-state (thinner line) and time-resolved (thicker line) TIRF spectra of a
3T3 cell stained with Tb+3-DTPA-phenylAS. Measurements were made by collecting
fluorescence from a sub-region of the cell shown in Figure 3.8A-B.
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The origin of emission imaged in Figure 3.8 was determined by spectral
measurements on a sub-region of the cell. The steady-state TIRF spectrum, displayed in
Figure 3.10, shows the three emission bands of Tb+3 along with the broad
autofluorescence band discussed above. The autofluorescence is completely attenuated in
the time-resolved spectrum while the Tb emission is substantially retained. The spectral
comparison shows that the cell-associated, delayed emission is indeed due to Tb+3DTPA-phenylAS. Together Figure 3.8 and Figure 3.10 illustrate: (i) the importance of
using spectroscopy to verify the source(s) of emission from a biological cell, and (ii) that
time-resolved imaging of this sample is relatively insensitive to autofluorescence, and
should therefore more accurately reflect the spatial distribution of Tb+3-DTPA-phenylAS
labels within the evanescent volume.

3.3.4

Microscopy of living cells stained with dextran-DTPA-pAS-Tb+3
The water solubility of Tb+3 -DTPA-pAS-dextran suggests that the complex could

be used as a fluorescent volume marker (i.e., excluded from cell). However, TIRF steadystate images of living cells in the presence of Tb+3-DTPA-pAS-dextran (MW of dextran ≈
70,000) were of poor quality and uninterpretable (images not shown).
TIRF images of fixed cells stained with Tb+3 -DTPA-pAS-dextran are uninterpretable due to internalization of the label into cytosol and other compartments
(images not shown).
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3.3.5

Microscopy of cells stained with DiIC18
A steady-state TIRF image of a two adjacent cells stained with DiIC18 is shown in

Figure 3.11B. The image was recorded through a 20 nm bandpass filter centered at 568
nm, near the DiIC18 emission maximum. The “patchy” appearance of the image is due to
two factors: (i) DiIC18 preferentially stains the plasma membrane,168 and (ii) those
regions of the membrane in close opposition to the substrate are preferentially excited.
The phase-contrast image of the same field (Figure 3.11A) shows that the cells occupy
the entire center of the imaged area. A time-resolved image of the same field (Figure
3.11C) was recorded after acquisition of the steady-state image. With appropriate
thresholding, the presence of cells could be discerned but the image was relatively faint,
which qualitatively demonstrates temporal rejection of DiIC18 fluorescence. The DiIC18
fluorescence rejection is illustrated quantitatively in Figure 3.12. Pixel intensities from
the regions marked by the white boxes in Figure 3.11B-C are plotted in Figure 3.12.
With time-resolved detection, the intensity fluctuation (maximum of 70 counts above
background) was considerably less than in the steady-state (maximum of 5800 counts
above background). Figure 3.13 shows the steady-state and time-resolved TIRF spectra
recorded (with bandpass filter removed) from a sub-cellular region of the same field. The
characteristic DiIC18 emission band centered near 570 is present in the steady-state
spectrum along with a weaker autofluorescence band in the 400-500 nm regions. In the
time-resolved spectrum, the intensity declines to a mean count rate of less than 50 Hz that
is nearly constant across the entire wavelength interval. The data in Figure 3.12 and
Figure 3.13 quantitatively demonstrate efficient temporal discrimination against prompt
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Figure 3.11: (A) A phase-contrast image of a 3T3 cell. Steady-state (B) and timeresolved (C) TIRF of cell stained with DiIC18. The dimensions of the white boxes are
65x375 pixels.
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Figure 3.12: Steady-state (thin line) and time-resolved (thick line) averaged pixel
intensities marked by white boxes in Figure 3.11B-C. The averaged time-resolved
intensity is multiplied by 30-fold for presentation purposes.
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Figure 3.13: Steady-state (thin line) and time-resolved (thick line) TIRF spectra of a subregion of a 3T3 cell stained with DiIC18. The time-resolved intensity is multiplied by
100-fold for presentation purposes.
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DiIC18 fluorescence in single cell samples for both imaging and spectral modes of
detection.

3.3.6

Signal comparison of steady-state and time-resolved TIRF images
A comparison of signal levels for TIRFM of the three cell samples discussed

above is presented in Table 2. After bias and background subtraction were performed,
intensities were extracted from pixels at five locations in each set of five steady-state
images. The pixels were chosen arbitrarily but in all cases were located within regions of
relatively high intensity. Intensities were also extracted from the same five locations in
each corresponding set of five time-resolved images, after bias and background
subtraction. The background level in each image was taken as mean pixel intensity in a
contiguous region of at least 400 pixels outside of the area occupied by the cell (i.e., the
upper right corner of Figure 3.5B). DiIC18 fluorescence from stained cells was
photobleached about 35% during sequential acquisition of ten images, whereas no
bleaching of autofluorescence and Tb+3-DTPA-phenylAS fluorescence was observed. A
DiIC18 photobleaching rate constant was therefore measured and used to correct the pixel
intensities extracted from the images of DiIC18-stained cells. Mean pixel intensities are
listed in Table 2 along with the time-resolved to steady-state ratio of intensities. Timeresolved emission from DiIC18-stained and unstained cells is ca. 1% and 0.5%,
respectively, of that detected in the steady-state mode. In contrast, about 15% of the
steady-state emission from Tb+3-DTPA-pAS-stained cells is retained in the time-resolved
mode. An intensity decline of 85% is much greater than predicted for a fluor with a 1.5
ms lifetime. However, a comparison of the steady- state and time-resolved spectra in
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Table 3.2: Quantitative comparison of steady-state and time-resolved TIRF imaging of
fluorescence emission from 3T3 cells
TIRFM images1

Pixel intensities and standard deviations (n=5)2
Region 1
Region 2
Region 3
Region 4

Region 5

(n=5)

Unstained cells (SS)

4415±351

2190±387

1527±80

2329±103

1268±151

Unstained cells (TR)

33±5

7±4

11±6

21±6

5±5

TR/SS (%)

0.75

0.32

0.72

0.90

0.39

DiIC18-labeled cell

6661±74

4315±256

4774±207

4903±386

5503±182

(SS)3

65±20

52±1

46±6

40±7

53±6

DiIC18-labeled cell

0.98

1.2

0.96

0.82

0.96

(TR)3

4110±300

1106±47

898±49

1300±193

678±61

TR/SS (%)

517±52

188±6

129±10

216±44

96±11

Tb+3-DTPA-

13

17

14

17

14

phenylAS (SS)
Tb+3-DTPAphenylAS (TR)
TR/SS (%)
1

SS = steady-state; TR = time-resolved. Integration time was 30 sec for labeled cells and
60 sec for unlabeled cells.
2
Mean count and standard deviation for a given pixel in a set of sequentially acquired
images of the cell samples listed in column one. Locations were selected arbitrarily from
regions that were relatively bright in the steady-state detection mode.
3
Pixel values were corrected for DiIC18 photobleaching using a measured photobleaching
rate constant.

95

Figure 3.10clearly shows that the decrease is largely due to autofluorescence rejection
rather than delayed detection of Tb+3 emission. The actual efficiency of detecting Tb
emission in the time-resolved mode is given by the ratio of the 545 nm peak heights in
the two spectra, after subtracting the autofluorescence component in the steady-state
spectrum. The calculated 55% ratio is comparable to previously reported measurements
using aqueous solutions of Tb+3-DTPA-pAS.163 In summary, the data in Table 1
quantitatively demonstrate that time-resolved fluorescence microscopy using a LCSgated CCD: (i) is highly efficient in discriminating against short-lived sources of intrinsic
and extrinsic fluorescence in cultured cells, and (ii) enables luminescence from a longlived, extrinsic label to be selectively detected.

3.3.7

Calibration
The data presented herein are relative in the time domain; the actual number of

fluors that corresponds to observed pixel intensity is not known. To address the issue of
how many Tb chelate molecules can actually be detected, a TIRF calibration was
performed using amino-dextran labeled with Tb+3-DTPA-pAS. Dextran does not adsorb
at a glass-buffer interface,171 and labeling it with Tb+3-DTPA-pAS did not alter this
property. In the absence of a surface excess the fluor concentration within the evanescent
volume is therefore constant along the axis normal to the solid-liquid interfacial plane,
and is equal to the bulk fluor concentration.
A plot of mean emission intensity as a function of Tb+3-DTPA-pAS concentration
is shown in Figure 3.14; the curve rises steeply followed by a downward curvature to a
more gradual, positive slope. As discussed by Hlady et al.,172 this shape is characteristic
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when bulk-dissolved fluors are excited in a TIR geometry and emission is detected at a
sub-critical angle. The emission is composed of two components: (i) that excited by light
scattered at the interfacial plane and (ii) that excited by the evanescent wave. The relative
contribution of each component to the total emission is a function of the product of the
molar absorptivity and concentration of the fluor. At low εC, scatter-excited fluorescence
dominates the signal because the thickness of the liquid layer in the TIRF cell is much
greater than the evanescent penetration depth. At high εC, the scatter-excited component
becomes constant because this light is completely absorbed near the interface. The linear
increase in emission intensity observed in this regime arises from evanescent excitation,
assuming that scattered light contributes minimally to fluorescence excited within the
evanescent volume.
The linear portion of the curve in the high εC region of Figure 3.14 can be used to
estimate the evanescent sensitivity of the TIRF microscope. A least-square fit (solid line)
yields a y-intercept of 3.27 x103 and a slope of 9.24 x105 with a correlation coefficient of
0.999. We assume a value of 25 as the minimum detectable pixel intensity, which
corresponds to a Tb+3-DTPA-pAS concentration of 27 µM. For 325 nm TIR excitation at
a fused silica-water interface at a 70° incidence angle, the effective thickness (i.e., bulk
evanescent pathlength) is 480 nm.173 At 4X magnification, a pixel corresponds to an area
of 46 µm2 in the field of view. The evanescent volume per pixel is therefore 22 fl which
contains (at a bulk concentration of 27 µM) about 3.6 x105 molecules, or 7800 molecules
µm-2 in the field of view.
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Optical microscopy of cultured cells is usually performed at higher magnification.
The light gathering power [given by the ratio (NA/magnification2)] of the 40 X objective
used in our microscope is 0.179 relative to the 4X objective, which means that the fluor
concentration must be 5.6-fold greater to produce 25 counts per pixel. The evanescent
volume per pixel at 40X is 0.22 fl. The estimated detection limit is therefore 2.0x104
molecules per pixel or 4.4 x104 molecules µm-2 in the field of view for a 30 s integration
time. In comparison to a more conventional probe such as fluorescein, these estimated
detection limits are high. The primary cause is the relatively poor photophysical
properties of Tb+3-DTPA-pAS (ε325 = 1060 M-1 cm-1, quantum yield = 0.1). It should be
noted that the molar absorptivity is 10-15-fold greater at shorter wavelengths but a laser
source that emits near the absorbance maxima at 260 and 310 nm is not available in our
laboratory. Furthermore, the Tb+3 lifetime is much longer than necessary for efficient
temporal rejection of background emission with a lifetime less than 100 ns.174 A probe
with a lifetime of ca. 100 ps would permit an acceptable S/N to be achieved in a
proportionally shorter period of time. It is interesting to compare the TIR geometry with
confocal microscopy, which can be used to reduce background fluorescence by spatially
rejecting emission from point sources outside of the focal volume. Using an oil
immersion objective with a NA of 1.4, the theoretical confocal depth resolution (fullwidth at half-maximum) for imaging a plane at 545 nm (the Tb+3 emission maximum) is
280 nm.175 For 325 nm light internally reflected at 70° at a fused silica-water interface,
the 50% penetration depth is 98 nm. Thus the theoretical depth resolution in the TIR
geometry is nearly three-fold better than in the confocal geometry. It should also be noted
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Figure 3.14: Time-resolved TIRF calibration plot of mean pixel intensity as a function of
dissolved Tb+3-DTPA-pAS concentration. Dextran was used as a macromolecular carrier
for Tb-DTPA-pAS, which prevented the chelate from adsorbing to the silica-buffer
interface. The solid line is the best linear fit to the high concentration (i.e., evanescent)
portion of the curve. Error bar s (n =3) are plotted but in most cases their magnitudes
were smaller than the symbol diameter.
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that steady-state confocal microscopy cannot eliminate autofluorescence that originates
within the focal volume.

3.4

Conclusion
Background from cellular autofluorescence can seriously limit the use of

fluorescence microscopy as a photometric technique for studying cell molecular biology
in vitro. Time-resolved image capture using a CCD temporally gated with a liquid crystal
shutter is an efficient method of discriminating against both autofluorescence and shortlived, extrinsic fluorescence from cultured cells. This discrimination makes it possible to
selectively detect emission from a long-lived, extrinsic label such as a Tb chelate. Thus,
the technique is particularly well suited to samples that exhibit high levels of short-lived
background emission. The utility of time-resolved fluorescence microscopy would be
enhanced by development of labels having more favorable photophysical properties
and/or exhibiting higher specificity as staining agents. In particular, the synthesis of a
plasma membrane stain would make time-resolved TIRFM useful for studying the
contact region morphology of cells cultured on synthetic biomaterials. This is an area that
is discussed in the next chapter.
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CHAPTER 4
TIME-RESOLVED TOTAL INTERNAL REFLECTION FLUORESCENCE
MICROSCOPY OF CELL ADHESION ON POLYSTYRENE-COATED FUSED
SILICA GLASS
4.1

Introduction
Polymers such as cellulose and polyurethane have now been engineered as

functional substitutes for damaged tissues or organs.8-11 Total internal reflection
fluorescence microscopy (TIRFM) has been applied to examine relationships between
contact area and adhesion strength in endothelial cells cultured on polymeric biomaterial
surfaces.15, 16 However, quantitative conversion of a digital TIRFM image to a map of
contact region morphology can be compromised by extraneous emission from the cell
and/ or the substrate. 57 Furthermore, the autofluorescence and Raman scattering
background from many polymers, including those of biomedical interest, is usually more
intense than that of a silica substrate. Time-resolved detection using an extrinsic label
having decay kinetics much slower than those of the sources of background emission is
promising approach to this problem.
In Chapter 3, Tb+3-DTPA-phenylAS and Tb+3-DTPA-pAS-dextran were
examined as staining agents for time-resolved TIRFM of substrate-adherent cells. The
results showed that elimination of short-lived cellular autofluorescence permitted selective detection of the long-lived label fluorescence. However, the chelates were found to
stain not only the plasma membrane but also cytoplasmic regions, including the nucleus.
Thus, interpretation of the TIRF image was somewhat ambiguous due to the nonselective
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localization of the label.
In this chapter, the synthesis of another Tb chelate, DOPE-DTPA-pAS,
dioleoylphosphatidylethanolamine conjugated to diethylenetriaminepentaacetyl-4aminosalicylic acid, and its use as a long-lived probe for time-resolved TIRFM of cells is
described. The utility of this label in cell adhesion studies where background emission is
problematic is demonstrated by performing TIRFM on stained cells cultured on
polystyrene. Although this material is a ubiquitous cell culture substrate, in comparison to
silica, it is a relatively poor material for TIRF studies due to inherently high levels of
Raman scattering and autoluminescence. 176, 177

4.2

Experimental section

4.2.1

Chemicals and cell culture supplies
l,2-Di-cis9-octadecenoyl-sn-glycero-3-phosphoethanolamine (DOPE), potassium

bromide, and spectral-grade chlorobenzene were obtained from Sigma-Aldrich chemical
Co.. All chemicals were used as received. Deionized water was obtained from a
Barnstead Nanopure system. The sources of other materials are given in Chapter 3,
Section 3.2.1.

4.2.2

Synthesis and characterization of DOPE-DTPA-pAS
DTPAdA was reacted with pAS to produce the DTPAmA-pAS (Figure 3.1), as

previously described.157, 158 DOPE-pAS was synthesized by reacting DTPAmA-pAS
with DOPE, following the general procedure of Nayar et al.178 DOPE (53.7 µmol) was
placed in a 100 mL round-bottom flask and dried under high vacuum for 2 hrs to remove
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residual chloroform. The dried lipid was redissolved in 10 mL of freshly distilled
pyridine containing 537 µmol of DTPAmA-pAS. The reaction mixture was stirred under
a N2 atmosphere at 60 °C for 24 h. Excess DTPAmA-pAS was hydrolyzed by adding 2
mL of 1:2:0.8 CHCl3/CH3OH/0.58% NaCl (v/v). Thin-layer chromatography of the
unpurified product (using a mobile phase of 65:25:4 CH3Cl/MeOH/H2O and ninhydrin
staining) showed a nearly complete conversion of DOPE to DOPE-DTPA-pAS.
Unreacted DOPE and DOPE-DTPA-pAS were recovered by repeated extraction
with a 1:1 mixture of CH3Cl/0.58% NaCl. The saline solution was buffered at pH 2 with
100 mM phosphate (note that DOPE-DTPA-pAS is insoluble in water at pH 2). The
CH3Cl fractions, which contained DOPE, DOPE-DTPA-pAS, methanol, and pyridine,
were pooled, dried on a rotary evaporator, and redissolved in 50 mL of 1:9
CH3Cl/CH3OH. DOPE-DTPA-pAS was removed from this solution by repeated
extraction with a 1:1 mixture of CH3Cl/0.58% NaCl. In this step, the saline solution was
buffered at pH 8 with 100 mM phosphate (note that DOPE-DTPA-pAS is slightly soluble
in water at pH 8). The progress of the extraction was monitored by adding a few drops of
the organic phase to a solution of TbCl3 dissolved in Tris buffer at pH 7.4. When DOPEDTPA-pAS was present in the organic phase (i.e., had not been quantitatively extracted),
the interface between the droplets and the TbCl3 solution fluoresced green under
illumination from a mercury lamp. The extraction was repeated until no fluorescence
could be visually detected. The aqueous fractions were then pooled, washed three times
with CH3Cl, and lyophilized to yield the DOPE-DTPA-pAS product.
The product was characterized by UV-Visible and infrared absorbance
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spectrometry, using a Hewlett-Packard 8452A spectrophotometer and a Nicolet 510P FTIR spectrometer, respectively. Steady-state fluorescence spectroscopy of dissolved Tb+3DOPE-DTPA-pAS was performed using a Spex Fluorolog fluorometer (Spex Industries,
Inc., Edison, NJ). Fluorescent lifetime measurements on samples of dissolved Tb+3DOPE-DTPA-pAS were performed using the time-resolved fluorescence spectroscopic
system that was described in Chapter 2 and elsewhere.179

4.2.3

Preparation of substrates
Fused silica slides (Dynasil, Berlin, NJ) were cleaned by following the procedure

given in Chapter 3, Section 3.2.4.1. Fused silica slides coated with polystyrene (PS)
were prepared by spin coating at 1500 rpm, using an 8% (w/w) solution of PS dissolved
in chlorobenzene, as described previously.180 After the slides were coated, films were
dried at 70 °C for 24 hrs. The thickness and refractive index were determined by
measuring prism coupling angles that produced waveguided modes in the film at 514.5
nm, as described previously.180 The typical thickness and refractive index of a PS film
prepared in this manner were 0.84 µm and 1.59, respectively. These values differed by no
more than 5% when measured at several different spots on a single slide. Among a batch
of PS-coated slides prepared on a given day, the variation in film thickness and refractive
index was also no more than 5%.

4.2.4

Cell culture and labeling
Cells were cultured following the procedure given in Chapter 3, Section 3.2.3.

For fluorescence spectroscopy and microscopy, cells were plated at the density of
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approximately 10 cells/mL on either fused silica slides or PS-coated fused silica slides
with the planar substrate mounted in a Lucite chamber which also functioned as a TIRF
cell. The plating time was 24 hrs on fused silica slides and 48-72 hrs for PS-coated slides.
Longer times were required on PS because the cells adhered poorly to it and growth was
relatively slow, which is well known for PS that has not been oxidized. After plating, the
adherent cells were washed with HBSS, fixed in 3.7% formaldehyde at room temperature
for 7 min, and rinsed with deionized water. Labeling with Tb was performed using a twostep procedure. Cells were incubated with DOPE-YAS (16 µM in Tris buffer at pH 7.4)
for 60 min, rinsed with deionized water, incubated with TbCl3 (16 µM in Tris buffer at
pH 7.4) for 10 min, and then rinsed with deionized water.

4.2.5

Fluorescence microscopy of cultured cells
Fluorescence microscopy and microphotography were performed using the

instrumentation described in Chapter 3, Section 3.2.5-Section 3.2.7.

4.2.6

Image processing
Fluorescence images were corrected for bias and dark signal following the

procedure described in Chapter 3, Section 3.2.6.

4.3

Results and discussion

4.3.1

Synthesis and characterization of DOPE-DTPA-pAS
A chelate-capped lipid, DOPE-DTPA-pAS, was prepared using a two-step

reaction (Figure 4.1). The reaction between diethylenetriaminepentaacetic dianhydride
(DTPAdA) and p-aminosalicylic
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Figure 4.1: Synthesis of a lipid conjugated terbium chelate via a two-step reaction. The
reaction between pAS and DTPAdA in the first step produces an adduct monoanhydride
chelate molecule (DTPAmA-pAS). Further reacting the adduct molecule to an amine
reactive lipid (DOPE) results in a lipid conjugated terbium chelate (DOPE-DTPA-pAS).
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acid (pAS) in the first step produced DTPA-pAS monoanhydride. In the second step,
DTPA-pAS monoanhydride was reacted with the amine reactive head group of DOPE to
yield the product. Similar to other polycarboxylated compounds, DOPE-DTPA-pAS was
isolated from the other reaction components on the basis of its solubility in organic
solvents as a neutral species and in aqueous solutions as a charged species. This reaction
produced a yield of 85% by titrating an aliquot of the CHCl3 fraction containing
DOPE/DOPE-DTPA-pAS (see Chapter 3, Section 3.2.1) with aqueous Tb+3.
The reaction product was characterized by UV-Vis and infrared absorption
spectroscopies. In the UV-Vis region, DOPE and DTPAdA do not absorb light
appreciably at wavelengths above 250 nm, while pAS does. In buffer (pH 7.4), pAS
absorption bands occur at 264 and 310 nm. The reaction product exhibited absorption
bands centered at 272 and 308 nm. The similarity of the absorption spectra (Figure 4.2)
indicates the presence of pAS in the reaction product. Figure 4.3 shows IR spectra of
pAS, DOPE, and DOPE-DTPA-pAS. In the pAS spectrum, the phenolic O-H stretch
appears as a broad band at 3650-3200 cm-1 and overlaps the asymmetric (3372 cm-1) and
symmetric (3290 cm-1) N-H stretching modes of the amine. This phenolic O-H stretch is
also observed in the spectrum of the product, consistent with incorporation of the pAS
moiety.
In Tris buffer at pH 7.4 containing an equimolar amount of Tb+3, DOPE-DTPApAS exhibits a fluorescent excitation maximum at 308 nm, similar to its absorption
spectrum, and sharp emission maxima at 490, 545, 590, and 625 nm (uncorrected) which
are characteristic of the Tb+3 ion (Figure 4.4). The fluorescence emission decay is first-
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Figure 4.2: Absorption spectra of a pAS (thin line) and the DOPE-DTPA-pAS (thick
line). The absorption spectrum of DOPE-DTPA-AS exhibits the light absorption band of
interest appeared around 300 nm, indicating a conjugation of pAS onto a chelate
molecule (DTPA).
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Figure 4.3: FTIR absorption spectra of DTPAdA (A), pAS (B), DOPE (C) and DOPEDTPA-pAS (D). The absorption spectrum of the reaction product (D) exhibits bands of
interest centered at 3372 cm-1 (asymmetric HN stretching, see text for explanation) and
2950 cm-1 (OH stretching of phosphatidyl functional group), indicating the conjugation of
pAS and DOPE to a DTPA chelate molecule. The spectra are off set for presentation.
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Figure 4.4: Excitation and emission spectra of Tb+3-DOPE-DTPA-pAS. The spectra
were acquired in methanol solution. The excitation spectrum resembles the absorption
spectrum (Figure 4.2) with a maximum absorption peak observed at approximately 310
nm, and sharp, atomic-like emission peaks at 490, 545, and 590 nm, which are
characteristics of Tb+3 emission.
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Figure 4.5: Natural logarithm of the emission intensity of Tb+3-DOPE-DTPA-pAS
plotted against the delay-time. The excitation and emission wavelengths were set at 325
nm and 545 nm, respectively.
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order with a lifetime of 1.57 ms (Figure 4.5). These properties are very similar to those
of Tb+3-DTPA-pAS,157, 158, 163 which shows that the electronic properties of Tb+3-DTPApAS are not significantly altered by conjugation to DOPE. The quantum yield of Tb+3DOPE-DTPA-pAS was not measured. However, since the structure of the chelating
group is very similar to Tb+3-DTPA-pAS. Therefore, the quantum yield of Tb+3-DOPEDTPA-pAS is not expected to be significantly different from 0.1, the value reported
previously for Tb+3-DTPA-pAS.158

4.3.2

Fluorescence microscopy of cultured cells

4.3.2.1 Adherent cells on bare fused silica glass
Shown in Figure 4.6 are phase-contrast and TIRF images of a 3T3 cell plated on
a fused silica substrate, fixed 24 hrs later, and stained with Tb+3-DOPE-DTPA-pAS. The
TIRF image of the cell exhibits spatially distributed patches of green fluorescence under
steady-state observation (Figure 4.6 (SS)). The brightest patches are seen in regions
adjacent to the nucleus and at the cell periphery as identified by superimposing to a
phase-contrast image (Figure 4.6 (PC)). A steady-state emission spectrum of this cell
(Figure 4.8 (thin line)) shows Tb+3 emission bands at 490, 545, and 590 nm that are
overlapped with broad autofluorescence emission. This intrinsic emission is commonly
observed in regions from 400-600 nm from Swiss albino mouse 3T3 cells when excited at
325 nm (Chapter 3, Figure 3.7).
The corresponding time-resolved TIRF image of the same cell is shown in Figure
4.6 (TR). Although the appearance is similar, the emission intensity is reduced relative to
that of the steady-state image (Figure 4.7). The corresponding time-resolved TIRF
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spectrum is displayed in Figure 4.8 (thick line). It is apparent that gating the detection
system essentially eliminates the broad band autofluorescence present in the steady-state
spectrum (Figure 4.8, thin line), leaving the characteristic Tb+3 emission bands
superimposed on a relatively flat background. Thus, the emission pattern in the timeresolved image (Figure 4.6 (TR)) arises almost entirely from the Tb+3-DOPE-DTPApAS label. Elimination of the autofluorescence occurs because its lifetime is considerably
shorter [in the nanosecond range] 179 than the delay period before the liquid crystal
shutter was opened to expose the CCD.
The percentage of DOPE-DTPA-pAS incorporated into the membranes of fixed
cells via the labeling procedure described above was not determined. The percentage of
incorporated DOPE-DTPA-pAS molecules that were complexed with Tb+3 was also not
17

determined. However, on the basis of a formation constant of 10 reported previously for
Tb+3-DTPA-pAS,158 the affinity of binding of Tb+3 to DOPE-DTPA-pAS is likely to be
very strong, and thus, the percentage of incorporated DOPE-DTPA-pAS molecules that
are complexed with Tb+3 is probably near unity. Furthermore, the fluorescence emission
intensity from fixed cells incubated with 16 µM TbCl3 for 10 min followed by rinsing
with deionized water (i.e., the cells were not stained with DOPE-DTPA-pAS) was
indistinguishable from the background intensity due to cellular autofluorescence. This
result shows that, in the absence of DOPE-DTPA-pAS labeling, fixed 3T3 cells have
relatively little binding affinity for Tb+3.
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Figure 4.6: Images of a 3T3 cell labeled with Tb+3-DOPE-DTPA-pAS. PC is a phasecontrast image showing the defined periphery and areas of a cell. SS and TR are steadystate and time-resolved TIRF images of the same cell. White boxes represent areas of
50x225 pixels.
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Figure 4.7: Averaged pixel intensity of the TIRF steady-state (thin line) and timeresolved (thick line) image shown in Figure 4.6. The data were obtained from the areas
defined by the white boxes in figure 4.6 SS and TR, respectively. as marked by white
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Figure 4.8: TIRF spectra of a 3T3 cell labeled with Tb+3-DOPE-DTPA-pAS acquired in
the steady-state mode (thin line) and time-resolved mode (thick line).
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4.3.2.2 Adherent cells on polystyrene-coated fused silica glass
Phase-contrast and TIRF images of the same 3T3 cell plated on a PS-coated fused
silica substrate, fixed 72 hrs, and stained with DOPE-DTPA-pAS-Tb+3 are shown in
Figure 4.9. The steady-state TIRF image shows spatially distributed patches of green
fluorescence as shown in Figure 4.9 (SS). The spectrum of the cell in Figure 5.11 (A)
indicates the Tb+3 emission bands superimposed on the autoemission background, which
arises from the cell and the polymer film. The broad emission band with a maximum near
450 nm in the steady-state spectrum is due to autoemission from both the cell and the
polymer film [the emission maximum of the PS itself was near 520 nm (Figure 4.11 (B)].
The corresponding time-resolved TIRF image and spectrum of the same cell are shown in
Figures 4.9 (TR) and 4.11 (C), respectively. The TIRF steady-state and time-resolved
image shown in Figure 4.9 SS and TR appear similar, the emission intensity is reduced
relative to that of the steady-state image (Figure 4.10). In Chapter 3, the results showed
that background emission in TIRFM of substrate-adherent cells due to cellular
autofluorescence could be rejected using a Tb+3 chelate as a staining agent coupled with
time-resolved detection. However, the Tb+3 chelates examined in that study stained not
only the plasma membrane but also cytoplasmic regions, including the nucleus, which
made interpretation of the TIRF images somewhat ambiguous. Since the Tb+3 chelate
described in this study is a modified lipid, it was expected to exhibit greater selectivity
for the membranes of substrate-adherent cells. The TIRF images shown in Figures 4.6
and Figure 4.9 are consistent with this expectation. The spatial distribution of
fluorescence emission is similar to that observed for cells labeled with DiI (data not
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shown) and with TIRF images of substrate-adherent cells that have appeared in the
literature.50, 53, 181, 182 Since the penetration depth of the evanescent wave used to generate
the TIRF images shown in Figures 4.6 and Figure 4.9 is less than 100 nm, the images
presumably represent the ventral membrane topography of the cells. However, to identify
particular regions as (for example) focal contacts, a complementary technique should be
employed, such as immunofluorescence staining for a protein known to be present in
these regions [i.e., vinculin 21, 182].
Cell adhesion, growth, and motility on polymeric materials is a very active area of
research because these materials are widely used in implantable devices.16 However, the
use of TIRFM in studying cell adhesion behavior on biomedical polymers has been very
limited to date, which is due in part to the high background emission characteristic of
these materials. As noted above, converting a digital TIRFM image to a quantitative map
of cell-substrate contact region morphology requires that the background emission be
minimal or be removed.181 The results described herein show that the use of DOPEDTPA-pAS-Tb+3 as a membrane-staining agent eliminates the background problem for
polystyrene, which is a relatively poor substrate material for TIRFM studies due to its
intrinsic autoluminescence and Raman scattering.176 This technique may therefore be
useful in TIRFM studies of cell adhesion on other types of polymers, although we have
not yet tested materials other than PS.
Finally, we note that the TIRFM experiments described above were performed on
fixed cells. The degree to which live cells internalize DOPE-DTPA-AS was not
investigated. Internalization is undesirable since it produces fluorescence emission from
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Figure 4.9: Images of a 3T3 cell plated on a polystyrene-coated, fused silica slide and
labeled with Tb+3-DOPE-DTPA-pAS. PC is a phase-contrast image showing the defined
periphery and areas of a cell. SS and TR are steady-state and time-resolved TIRF images
of the same cell. White boxes represent areas of 75x290 pixels.

119

6

4

(

-3
AVERAGED PI x10 CPS

)

5

3

2

1

0
0

50

100

150

200

250

300

CROSS-SECTION (PIXEL NO.)

Figure 4.10: Averaged pixel intensity of the TIRF steady-state (thin line) and timeresolved (thick line) image shown in Figure 4.6. The data were obtained from the areas
defined by the white boxes in Figure 4.9 SS and TR, respectively.
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Figure 4.11: TIRF spectra of a 3T3 fibroblast cell that were acquired in a steady-state
(A) and time-resolved modes (C), and a steady-state spectrum of polystyrene-coated
substrate (B). Cells were cultured on an untreated polystyrene-coated substrate and
labeled with Tb+3-DOPE-DTPA-AS.
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regions of the cell other than the plasma membrane. In the presence of significant
emission originating from the cell interior, the use of digital TIRFM to quantitatively
assess cell-substrate separation distances would be problematic.16

4.4

Conclusion
Synthesis of a terbium chelate with membrane specificity was accomplished by

conjugating a chelating molecule (DPTAmA-pAS) with a lipid molecule containing an
amine reactive group (DOPE). Upon chelating to Tb+3, this newly synthesized chelate
showed intense green fluorescence with an emission lifetime of ca. 1.5 msec. Its staining
properties appeared to be membrane -specific. Using the time-resolved detection,
virtually all background emission originating from autofluorescence and polystyrene
substrate were significantly reduced. Thus, DTPA-pAS-DOPE can potentially be
employed as a long-lived membrane probe for studies of cell adhesion on substrates
having high background emission.
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CHAPTER 5
FABRICATION OF POTASSIUM ION SENSING FILMS
5.1

Introduction
Biosensors that are based on the binding of a single analyte to the membrane-

integrated, ligand-gated protein thus leading to a modulation of ion flux across the planar
supported lipid bilayer (PSLB) have potential applications in the fields of medical
diagnostics,183-187 drug screening,188-190 and environmental control.185, 191-193 The binding
of ligands or drug compounds to the KATP ion channel resulting in K+ flux across the cell
membrane90, 94-96 serves as a working model for a sensing device for drug screening. In
this work, a simplified version of the sensor is fabricated and the transported K+ across a
membrane bilayer is detected by a fluorescent reporter encapsulated in the sol-gel matrix
as depicted in Figure 1.3 (Chapter 1, Section 1.3). The success of this proposed sensing
platform requires a suitable fluorescent reporter. Four possible K+ sensitive dyes (KSDs),
15Cr5-DCDHF, aza-crown-DCDHF, benzyl crown-TRITC, and aza-crown-SQR, are
characterized by UV-Vis absorption measurement and fluorescence for their spectral
responses to K+ in buffer. These KSDs are presumed to have the chemical structures as
depicted in Figure 5.1. aza-Crown-SQR was reported earlier to have shown a fluorescent
response to K+ in buffer as well as in a sol-gel matrix for which quenching of the
fluorescent dye was observed in the presence of K+ at a nM range.194
The unique feature of these KSDs is their chemical structures which consist of the
crown ether and chromophoric moieties. A wide variety of crown ethers are well known
to bind to metal ions including K+, Na+, Cs+, and Ca+2, for which the binding activity
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Figure 5.1: Ether conjugated fluorescence dyes investigated for their spectral response to
K+ in buffer are (2-(4-(4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)phenyl)-3cyano-5,5-dimethylfuran-2(5H)-ylidene)malononitrile or aza-crown-DCDHF (A),
15Cr5-DCDHF (2-(4-(4-(1,4,7,10,13-pentaoxa-2-azacyclooctadecan-2-yl)phenyl)-3cyano-5,5-dimethylfuran-2(5H)-ylidene)malononitrile or 15Cr5-DCDHF (B), (N-(9-(2carboxy-6-(3-(2,3,5,6,8,9,11,14,15,16a,17dodecahydrobenz[b][1,4,7,10,13,16]hexaoxacyclooctadecin-18-yl)thioureido)phenyl)-6(diethylamino)-3H-xanthen-3-ylidene)-N-ethlethanaminium) or benzyl crown-TRITC
(C), and 2,4-bis(2,6-dihydroxy-4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16yl)phenyl)cyclobutane-1,3-dione) or aza-crown-SQR (D).
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under various conditions has been well documented.195-197 On the other hand, modulation
of fluorescence properties (i.e., emission intensity and/or Stoke shift) of these signal
transducers as a result of the binding remained unexplored.
KSDs with a fluorescent response to K+ in aqueous solution are encapsulated in
the sol-gel matrix coated on a glass substrate. Encapsulation of fluorophores in the sol-gel
matrix is a routine procedure performed during the fabrication of sol-gel sensing layers
for a wide variety of applications.194, 198-204 Effects of the sol-gel matrix on fluorescence
properties and the fluorescence response of doped KSDs are examined by fluorescence.
Thickness, surface roughness, and hydrophilicity of the sol-gel films are determined by
ellipsometry, atomic force microscopy (AFM), and water contact angle measurement,
respectively.
A membrane bilayer formed on the sol-gel surface, serving as a barrier between
the bulk volume containing K+ and the underlying sol-gel matrix doped with KSD, is
prepared by the vesicle fusion method.205 Epifluorescence imaging and fluorescence
recovery after photobleaching (FRAP) are used to examine the integrity of the membrane
bilayer and to determine their lateral mobility (i.e., diffusion coefficients). Bilayer defects
such as pinholes and breaks are determined by H+ and K+ blocking experiments. Finally,
a passive transport of K+ is examined by inserting an ion transporter, valinomycin, into
the membrane. The time-based total internal reflection fluorescence is used to monitor
these two experiments.
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5.2

Experimental section

5.2.1

Chemicals and supplies
Tetraethylorthosilicate (TEOS), tetramethylorthosilicate (TMOS), (3-

aminopropyl)triethoxysilane (APTS), triethoxymethylsilane (TEMS), (3glycidyloxypropyl)propyltriethoxysilane (GOPS), bis(2-hydroxyethyl)aminotris(hydroxymethyl)methane (bis-tris), potassium chloride, sodium chloride, and cesium
chloride, and valinomycin were purchased from Sigma-Aldrich Chemicals Co.; hydrogen
peroxide, sulfuric acid, nitric acid, acetonitrile, methanol, and ethanol were obtained from
EMD Chemicals, Inc.; 1,2-di-o-phytanyl-sn-glycero-3-phosphocholine (DPhPC), 1oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3phosphocholine (NBD-PC), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine were
obtained from Avanti Polar Lipids, Inc.

5.2.2

Synthesis of potassium ion sensitive dyes
15Cr5-DCDHF and aza-crown-DCDHF are donated by R.J. Twieg (Chemistry

Department, Kent State University, Kent, OH 44242), and benzyl crown-TRITC and azacrown-SQR were obtained from the Hank Hall research group (Chemistry Department,
The University of Arizona, Tucson, AZ 85721).

5.2.3

Spectral characterization of potassium ion sensitive dyes
Aza-crown-SQR was dissolved in acetonitrile, whereas 15Cr5-DCDHF, aza-

crown-DCDHF and benzyl crown-TRITC were dissolved in methanol. Stock solutions
were diluted with bis-tris buffer of various pHs to appropriate concentrations prior to
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making spectroscopic measurements. A brief sonication was necessary to ensure a
complete dissolution of KSDs.

5.2.3.1 UV-Vis absorption measurements
Absorption measurements were performed in the absence and presence of
potassium ions, sequentially, using an SI-440 UV-Visible Spectrophotometer (Spectral
Instruments, AZ).

5.2.3.2 Fluorescence measurements
Excitation and emission spectra of fluorescence dyes in solution were acquired
using a Spex Fluorolog-3 (HORIBA Jobin Yvon Inc, Edison, NJ). To determine the
spectroscopic response of K+, the spectrum was acquired before and after the addition of
the metal ion, sequentially. The same measurement procedure was applied to doped azacrown-SQR in monolithic gel.

5.2.4

Fabrication of K+ sensing films

5.2.4.1 Pretreatment and cleaning of glass substrates
Soda lime glass slides (VWR) were soaked in 6.0 M nitric acid for at least 5 days
to leach out any potential contaminants, primarily potassium and sodium metal
composites. These substrates were then rinsed with deionized water, submerged in a
piranha solution (H2SO4:H2O2, 7:3 (v/v)) for 30 minutes, rinsed with deionized water,
mechanically scrubbed with a cotton ball, placed in an 80ºC-nitric acid bath (50% nitric
acid in deionized water, v/v) for 90 minutes, rinsed with deionized water, and oven-baked
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at 110ºC (Blue Island, IL) for 2 hours. Cleaned substrates were kept in a Coplin jar in air
prior to usage.

5.2.4.2 Synthesis of sol-gel precursors
The single-component sol-gel precursor was synthesized by the acid-catalyzed
reaction conducted in ambient conditions (i.e., room temperature and humidity) using the
necessary chemicals as specified in Table 5.1. Briefly, TEOS (4.0 mL) was diluted with
ethanol (2.0 mL) and then added to 1.0 mL of diluted HNO3 solution (25 mM). The
solution mixture was stirred continuously for 4 hrs after which time 1.0 mL of azacrown-SQR solution (12 mM in acetonitrile) was added. The total volume was brought
up to 9.0 mL with ethanol.
For the multi-component sol-gel precursors, synthesis was carried out by the basecatalyzed reaction in which hydrolysis of TEOS, APTS, and GOPS proceeds in the
presence of water (100 µL). The volume of each component was adjusted accordingly to
make the combined volume of 4.0 mL (Table 5.2). The reaction was allowed to proceed
for 4 hrs with continuous stirring, and then 1.0 mL of 12 mM aza-crown-SQR (in
acetonitrile) was added. The final volume was brought up to 9.0 mL with ethanol. In an
attempt to reduce the surface roughness of the sol-gel sensing platform, substituting
TMOS for TEOS was carried out. This new formulation is presented in Table 5.3. For
the two component monolithic gel, TMOS-APTS, it was prepared also by the basecatalyzed reaction in which TMOS (3.9 mL) and APTS (0.1 mL) were placed in a
scintillation vial containing 2.9 mL ethanol, 90 µL deionized water, and 10 µL Et4NOH.
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Table 5.1: Sol-gel compositions for the acid-catalyzed reaction employed in the
fabrication of the potassium ion sensing platform
Chemicals

Volume (mL)

% (v/v)

mmoles

TEOS

4.000

100

71.7 a

25 mM HNO3

1.000

-----

55.6 b

Ethanol

3.000

-----

-----

[aza-crown-

1.000

-----

-----

SQR] c

a

mmoles of alkoxy functional group (OR) in TEOS based on the calculations using the
density and purity values given on the label; bmmoles of water using the water density of
1mg/mL; and c[aza-crown-SQR] is the concentration of aza-crown-SQR calculated at 12
mM in acetonitrile.
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Table 5.2: Sol-gel compositions for the base-catalyzed reaction employed in the
fabrication of the potassium ion sensing platform
Chemicals

Volume (mL)

% (v/v)

mmoles

TEOS

2.500

62.5

44.8 a

APTS

1.000

25.0

12.7 b

GOPS

0.500

12.5

6.7 c

H2O

0.100

-----

5.6 d

Ethanol

3.900

-----

-----

[aza-crown-

1.000

-----

-----

SQR] e

a-c

mmoles of alkoxy functional groups (OR) in TEOS, APTS, and GOPS based on the
calculations using the density and purity values given on the label with 4 alkoxy moieties
per TEOS and 3 alkoxy moieties per APTS and GOPS; dmmoles of water obtained from
calculation using the water density of 1mg/mL; and e[aza-crown-SQR] is the
concentration of aza-crown-SQR calculated at 12 mM in acetonitrile.
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Table 5.3: Sol-gel compositions for the base-catalyzed reaction employed in the
fabrication of the potassium ion sensing platform
Chemicals

Volume (mL)

TMOS

2.500

APTS

1.000

GOPS

0.500

H2O

0.100

% (v/v)

mmoles

62.5

66.5 a

25.0

12.7 b

12.5

6.7 c

-----

5.6 d

Ethanol

3.900

-----

-----

[aza-crown-

1.000

-----

-----

SQR] e

a-c

mmoles of alkoxy functional groups (OR) in TMOS, APTS, and GOPS based on the
calculations using the density and purity values given on the label with 4 alkoxy moieties
per TMOS and 3 alkoxy moieties per APTS and GOPS; dmmoles of water obtained from
calculations using the water density of 1mg/mL; and e[aza-crown-SQR] is the
concentration of aza-crown-SQR calculated at 12 mM in acetonitrile.
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The reaction was allowed to proceed for 4 hrs at which time an aliquot (1.0 mL) was
transferred to a 4.0-mL polymethylmethacrylate (PMMA) cuvet containing 2.0 mL Bistris buffer (pH 8.9). Gelation was observed within 10 minutes. In cases where aza-crownSQR was to be incorporated, the volume of a co-solvent (ethanol) was adjusted to include
0.4 mL of 12 mM aza-crown-SQR (in acetonitrile). The cuvet was covered with parafilm
and kept at 5°C for 48 hrs prior to equilibrating with buffer.
5.2.4.3 Preparation of K+ sensing films
Cleaned glass substrates were painted on one side with stripable black paint
(Photonics Inc., NY), subjected to plasma treatment for 45 sec using a plasma
cleaner/sterilizer (Harrick), mechanically dip-coated at a speed of 5.0 cm/sec, and stored
at ambient conditions for at least 48 hours prior to usage.
5.2.4.4 Equilibrating K+ sensing films
Equilibration of the monolithic gel was done by removing the gel block from the
holding cuvet and placing it in a plastic vial containing sufficient volume of buffer (pH
8.9) where it was kept at 5°C for at least 5 days prior to making measurements.
To equilibrate the sol-gel film deposited on a glass slide, the black paint was
removed from the bottom of the glass slide using a razor blade, and the substrates were
placed in a container containing bis-tris buffer (pH 8.9). The submerged films were kept
at room temperature for 5-7 days.
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5.2.5

Characterization of sol-gel films

5.2.5.1 Ellipsometry
Thickness and refractive index of sol-gel films were determined using an
ellipsometer (SE400 SENTECH GmbH, Berlin, and Germany). Measurements were
carried out using the two-layer model with the default values set at 1.460 and 1.380 for
the refractive index of a glass substrate and sol-gel film, respectively, and 300 nm for the
imaginary thickness of the films.

5.2.5.2 Atomic force microscopy (AFM)
The surface morphology of a control (bare, cleaned glass) and sol-gel film coated
glasses were determined by conventional AFM (Dimension 3100 Nanoscope IV system,
Veeco Digital Instruments, Santa Barbara, CA) operating in the tapping mode in air with
a nominal force constant of 42 N/m, and the device frequency was set at ~300 KHz for
imaging.

5.2.5.3 Water contact-angle measurement
A small size (i.e., ~µL size) of water was mechanically dropped on dried, sol-gel
coated substrates for which the water contact angle was determined using a Drop Shape
Analysis System (DSA) 10 Mk2 (Charlotte, NC).

5.2.6

Fluorescence response of the sol-gel films to K+
Fluorescence response of aza-crown-SQR doped sol-gel films to K+ was

determined using the TIRF spectroscopy system as described in Section 2.5 of Chapter
2, for which the actual set up of the detection system is depicted in Figure 5.2. Briefly, a

133

HeNe laser (Mellis Griot, Carlsbad, CA) line centered at 632.8 nm with the power output
at ~1.0 mW was prism-coupled into a flow cell to excite the potassium sensitive dye (azacrown-SQR) doped in the sol-gel matrix. The fluorescence signal was collected by a 10X
objective (Melville, NY), passed through a bandpass filter (XF3029 by Omega Optics,
Inc., Brattleboro, VT), detected by a PMT (Thorn EMI in Products for Research
housing), read out by a photon counter (SR400 by Stanford Research Systems, Stanford,
CA), and then processed by Labview software (National Instruments Inc.) running on a
Dell PC. The signal intensity of aza-crown-SQR was monitored prior to, during, and after
the introduction of potassium ion solution.

5.2.7

Formation of a lipid bilayer on sol-gel films
The vesicle fusion method205 was used to prepare a PSLB on a surface of aza-

crown-SQR doped sol-gel films. Briefly, 3.0 mL of DPhPC vesicle solution (0.5
mg/mL) was transferred to a TIRF cell assembled with the substrate on the bottom
window (see Section 3.2.4.2 of Chapter 3), the solution was allowed to stand for 30
minutes, and then washed 5 times with bis-tris buffer solution. A 0.5 mg/mL DPhPC was
prepared from a stock solution (10.0-mg/mL DPhPC in chloroform). The preparation
involves transferring 100 µL of the stock solution into a small scintillation vial, removal
of the organic solvent by exposing the glass container to a stream of Ar gas for 5 minutes,
vacuum drying for 4 hrs, adding 2.0 mL bis-tris buffer, briefly vortexing, and finally
ultrasonicating for 30 minutes at 30 ºC.
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K+ K+ K+ K+ K+
Sol-gel film
Glass Substrate

Fluoroionophore
TIR Light
Holding Cell
Coupling Prism
He-Ne

Glass
Substrate

10X Objective

Bandpass
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Reflective
mirror
filter
Computer
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Figure 5.2: Schematic drawing of the instrumentation and design for TIRF
measurements of potassium ions transported across a planar supported membrane lipid
bilayer. It consists of a light source (He-Ne laser), a TIR sample holder assembly, a 10X
microscope objective), a bandpass filter, a detector unit (PMT), a read-out unit (photon
counter), and a computer controller (Dell PC).

135

5.2.7.1 Fluorescence recovery after photobleaching (FRAP)
For epifluorescence imaging and FRAP measurements, the lipid bilayer was
prepared from DPhPC:NBD-PC (95:5) using the same procedure as previously described.
Vesicle solutions were used the same day as they were prepared. To prepare the substrate
sample, an equilibrated blank sol-gel film was subjected to a stream of N2 gas to remove
surface- adsorbed water and particulates, plasma treated for 45 seconds, assembled in a
homemade FRAP cell, and mounted on a microscope stage. 250 µL of a lipid vesicle
solution (DPhPC or DPhPC-NBD-PC) was transferred to the flow cell, allowed to stand
for 30 minutes, and then washed 5 times with 500 µL of bis-tris buffer.
FRAP measurements were carried out using a Nikon Eclipse TE2000-U inverted
microscope (Nikon, Melville, NY) equipped with an excitation source (a mercury arc
lamp), a bleaching source (Coherent Innova 70 Argon ion laser with an output power of
~100 mW), and an image capture device (a CCD camera, Princeton Instrument). Briefly,
a DPhPC:NBD-PC bilayer was photobleached with an Argon laser beam for a very short
period of time (<1 ms), and the image acquisition began right after the bleaching source
had been block and the pathway of a mercury arc lamp opened for sample excitation. A
series of fluorescence images was captured by a CCD camera and processed using the
Winspec software (Roper Scientifics, Inc.). The processed data were then exported to a
spread sheet program (Microsoft Excel) for calculations. All fluorescence recovery data
were background subtracted and then normalized against the average intensity obtained
from two designated regions (15x15 pixels) located on the outside of the bleached areas.
The intensity profiles from these designated regions were monitored for 20 minutes
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(more than five times longer than the time constant of the fitted exponential). The
background intensity was obtained from an independent experiment using a control
sample where a lipid bilayer was prepared from DPhPC.
5.2.7.2 H+ blocking by a DPhPC bilayer
A DPhPC bilayer was prepared using the method previously described. To a flow
cell containing 200 µL volume of bis-tris buffer covering the formed DPhPC bilayer, a
600 µL volume of bis-tris buffer (pH 6.5) was gently added and 600 sec was allowed for
the buffer equilibration, then a 400 µL volume of TX100 (2% (v/v), pH = 6.5) was added.
The fluorescence signal was monitored prior to, during, and after the addition of the bistris buffer (pH 6.5). For a control experiment, the measurements were performed on bare
aza-crown-SQR doped sol-gel films. The initial pH of bis-tris buffer was 8.9.
5.2.7.3 K+ transport across a solid supported lipid bilayer
A DPhPC bilayer deposited on the surface of aza-crown-SQR doped sol-gel film
was prepared as previously described, with the exception of using 20 mM instead of 10
mM bis-tris buffer (pH 8.9) to prepare the vesicle solution and as a washing buffer. A
control experiment was performed by adding 600 µL of 10 mM K+ prepared in 10 mM
bis-tris buffer to the liquid volume covering the membrane bilayer, allowing the solution
mixture to stand for 85 sec, then washing five times with a 500-µL aliquot of buffer (10
mM, pH 8.9). Fluorescence signal was acquired prior to, during, and after the washing.
After the removal of K+ from the solution above the bilayer, 5 µL of valinomycin
solution (1.2 µM in CH2Cl2) was added dropwise on the surface of the buffer covering
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DPhPC bilayer for which a 20-minute period was allowed for the solvent evaporation and
reconstitution of the ionophore into the lipid bilayer. For fluorescence titration, three
aliquots of 200 µL K+, each from 0.1 mM, 1.0 mM, and 10.0 mM that had been prepared
in a 20-mM bis-tris (for 0.1 and 1.0 mM K+) and in a 10 mM Bis-tris (for 10.0 mM K+),
were added sequentially, while the fluorescence signal was acquired prior to, during, and
after addition of K+ solution. All solutions were pH adjusted to 8.9.

5.3

Results and discussion

5.3.1

Spectral response of crown ether conjugated dyes to K+

5.3.1.1 UV-Vis absorption measurements
UV-Vis absorption spectra of two ether conjugated dyes, aza-crown-DCDHF and
benzyl crown-TRITC, acquired in methanol are shown in Figure 5.3A and B. In the
absence of K+, aza-crown-DCDHF was observed to absorb UV-Vis light in regions of
400-540 nm with a maximum absorption band centered at 490 nm (Figure 5.3A (solid
line)) with the molar absorptivity estimated at 15,000 cm-1M-1. After the solution was
allowed to saturate with KCl ([K+]/[dye] = 2.1x106 using 0.1 mg/mL of KCl in methanol
(Merck Index) for calculations), the molar absorptivity and spectral features of azacrown-CDCHF (shown in Figure 5.3A, dashed line) remain unchanged, indicating this
ether conjugated dye has no absorption response to the binding of K+ to the crown ether
moiety. The spectral profiles (i.e., absorbance, spectral features, and absorption response
to K+) of 15Cr5-DCDHF appeared identical to that of aza-crown-DCDHF (spectra not
shown). In Figure 5.3B, benzyl crown-TRITC was observed to absorb UV-Vis light in
regions of 450-600 nm with a maximum absorption band centered at 545 nm, and the
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molar absorptivity estimated at 60,000 cm-1M-1. Under KCl saturated conditions,
absorption profiles of benzyl crown-TRITC were essentially unchanged, indicating no
absorption response of the dye to the binding of K+ to the crown ether moiety. Absorption
spectra of aza-crown-SQR in methanol and bis-tris buffer (pH 7.4) are shown in Figure
5.4A and B, respectively. In the absence of K+, aza-crown-SQR was observed to absorb a
UV-Vis radiation in regions of 540-680 nm (solid line) in both solvents with a maximum
absorption band centered at 640 nm, and the molar absorptivity estimated at 160,000 (in
methanol) and 25,000 cm-1M-1(in bis-tris buffer). Under K+ saturated conditions in
methanol, the absorption profile of aza-crown-SQR remained the same as shown by the
dashed line in Figure 5.4A, indicating that aza-crown-SQR has no absorption response to
the tested analyte as well.
In summary, although the binding of K+ to both 15Cr5 and aza-crown is well
documented,195 the spectral properties of these polyether conjugated dyes are not
sensitive to K+, suggesting that the binding of K+ to crown ethers has no effect on the π –
electron density of their chromophoric moiety which is responsible for the light
absorption process. However, one published report observed a decrease in absorbance of
a modified crown ether conjugated squaraine dye in the presence of Na+ in
isopropanol.206 Furthermore, there are other crown ether conjugated dyes that have been
observed to be responsive to the univalent metal ions. For example, Dix and Vogtle
reported a blue-shift of an absorption maximum of aza-crown-conjugated, nitro
substituted azobenzene upon binding to various metal ions including Na+ and K+ in
acetonitrile.207 Leclerc and coworkers208 observed an increase in the absorbance of 12Cr4
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Figure 5.3: Absorption spectra of aza-crown-DCDHF (A) and benzyl crown-TRITC (B)
in bis-tris buffer (10 mM, pH 7.4) acquired in the absence (solid line) and presence
(dashed line) of K+. [Dye] is 100 µM for aza-crown-DCDHF and 25 µM for benzyl
crown-TRITC. [K+]/ [dye] is 100 for aza-crown-DCDHF and 400 for benzyl crownTRITC.
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Figure 5.4: Absorption spectra of aza-crown-SQR in bis-tris buffer (pH 7.4) (A) and in
acetonitrile-methanol (9:1, v/v) (B) acquired in the absence (solid line) and presence
(dashed line) of K+. [Dye] is 25 and 8.6 µM in bis-tris and methanol, respectively. [K+]/
[aza-crown-SQR] is 400 and 600 in bis-tris and methanol, respectively.
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conjugated polythiophene in acetone where the binding of the univalent metal ions (i.e.,
Na+, K+, Li+) to the crown ether induces a conformational change of the polythiophene
backbone.208

5.3.1.2 Fluorescence measurements
Aza-crown-DCDHF. Excitation and emission spectra of aza-crown-DCDHF in
methanol are shown in Figure 5.5A. Aza-crown-DCDHF has an excitation spectrum that
mirrors its absorption spectrum shown in Figure 5.3A (solid line), while its emission
appears in regions of 480-600 nm (dashed line in Figure 5.5A) with a maximum
emission band centered at 530 nm. Under the K+ saturated conditions, no quenching of
the intensity was observed (Figure 5.5B (dashed line)), suggesting the binding of K+ to
the crown ether moiety does not alter fluorescence properties of DCDHF. The absence of
fluorescence response was also observed in measurements of 15Cr5-DCDHF under the
same conditions (spectra not shown). DCDHF and its derivatives are a new class of
fluorescence dye in which their quantum yield is well known to increase in the turbid and
hydrophobic environments. 209, 210 As a result, this class of fluorescence probes has been
applied in a wide variety of applications including in the single molecule imaging and in
studies of protein dynamics where the folding/unfolding of proteins due to changes in the
solvent polarity are the subjects of interest.209, 211
Benzyl crown-TRITC. Fluorescence excitation and emission spectra of benzyl
crown-TRITC in methanol are shown Figure 5.6A. These fluorescence spectra are
typical of a rhodamine dye where the excitation spectrum appearing in regions of 450580 nm with a maximum excitation band centered at 548 nm (solid line). This aza-crown
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conjugated rhodamine was observed to emit light in regions of 540-650 nm with a
maximum emission band centered at 580 nm (dashed line) when excited with a 550-nm
wavelength. In the presence of K+ ([K+]/ [benzyl crown-TRITC] = 400), fluorescence
quenching was observed (Figure 5.6B) with an optical quenching estimated at 25%. The
actual quenching mechanism of the benzyl crown TRITC due to the binding of K+ was
not investigated.
Aza-crown-SQR. Excitation and emission spectra of aza-crown-SQR in methanol
and bis-tris buffer (pH 7.4) are shown in Figure 5.7A and B, respectively. The
appearance of aza-crown-SQR in methanol and aqueous buffer are quite similar with
respect to their excitation band covering regions of 600-660 nm with a maximum
absorption band centered at 640 nm, and the emission band appeared in regions of 640700 nm with a maximum excitation peak centered at 655 nm. However, its emission
intensity was significantly lower in aqueous buffer due to the solvent effects for which
the dye‟s quantum yield was significantly reduced by the water molecules (i.e.,
dissipation of the absorbed energy from the excited chromophore to the water molecules
via the molecular collision mechanism). The quantum yield of SQR is estimated at 0.13
and 0.014 in acetonitrile and in water, respectively.212 Furthermore, the emission intensity
of aza-crown-SQR was observed to be dependent on the buffer pH for which as much as
45% of the initial emission intensity is reduced when pH was increased from 3.2 to 9.1
(Figure 5.8). Increasing the pH to greater than 10, however, precipitation of the dye was
observed, suggesting that the difference in the emission intensity in the acidic and basic
solutions is directly related to its solubility and/or aggregation via the z-z stacking mode.
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Figure 5.5: Fluorescence excitation and emission spectra of aza-crown-DCDHF acquired
in methanol (A); and emission spectra of the same molecule acquired in the absence
(solid line) and presence of K+ (B). [Dye] is 400 nM, and [K+/dye] is 2500.
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Figure 5.6: Fluorescence excitation and emission of 25 nM benzyl crown-TRITC
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Figure 5.7: Fluorescence spectra of aza-crown-SQR. Spectra were acquired in methanol
(A) and bis-tris buffer (pH 7.4) (B). [Dye] is 10 and 25 nM in methanol and Bis-tris
buffer, respectively. The excitation (solid line) and emission (dashed line) intensity was
normalized for presentation purposes.
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In the presence of K+, fluorescence quenching of aza-crown-SQR dye in both
methanol and bis-tris buffer was observed (Figure 5.9A and B, dashed line) with the
estimated reduction of approximately 70% and 50% of the initial intensity in methanol
and bis-tris buffer (pH 8.1), respectively. Moreover, fluorescence quenching of azacrown-SQR dye in aqueous buffer containing K+ is pH-dependent. Figure 5.10
summarizes the results of fluorescence quenching of aza- crown-SQR dye by K+
observed in bis-tris buffer with pH ranging from 3.2 to 9.1. The degrees of the quenching
are attributable to the occupation of the aza-crown cavity by H3O+ in which the binding
of K+ is significantly reduced. The binding of H3O+ to the aza-crown moiety is well
documented.213 Furthermore, the effect of hydromium ions on the binding of K+ to azacrown has been studied by potentiometry where the stability constants (log k1‟) of K+
determined in the aqueous solution being somewhat lower than that in methanol (i.e., log
K1‟= 2.06 and 6.10 in aqueous solution (pH 5.1) and methanol, respectively).195
Although fluorescence properties of the crown ether conjugated dyes have not
been fully investigated, the fluorescence properties of various classes of squaraine dyes
have been extensively studied.212, 214-220 Figure 5.1D shows a chemical structure of the
aza-crown conjugated squaraine dye. In its ground state, the molecule exhibits a negative
charge on each of the oxygen atoms and +2 charges on the C4H2 center. On the other
hand, in its excited state the calculations by Bigelow and Freund showed changes in its
fluorescence properties that involves the transferring of 0.19e from each of the oxygen
atoms, and 0.094e from the aromatic nitrogen to the positive charged center.221 In
principle, binding of K+ to the aza-crown moiety may reduce and/or modulate the charge
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Figure 5.8: Fluorescence intensity of aza-crown-SQR acquired in Bis-tris buffer of pH
3.2 (A), 5.0 (B), 7.0 (C), 8.1 (D), and 9.1 (E).
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buffer (pH 9.1) (B) acquired in the absence (solid line) and presence (dashed line) of K+.
[Dye] = 25 and 250 nM in methanol and Bis-tris buffer, respectively. [K+]/ [aza-crownSQR] = 2.1x106 in methanol (saturated condition) and 400,000 in Bis-tris buffer.
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transfer and thus resulting in the fluorescence quenching.
In summary, four crown ether conjugated dyes, 15Cr5-DCDHF, and aza-crownCDCHF, benzyl crown-TRITC, and aza-crown-SQR, were characterized for their
fluorescence response to K+ in both of the organic solvent (methanol) and in aqueous
buffer. Only aza-crown-SQR was observed to have a sufficient fluorescence response to
K+ and was used as a fluorescent reporter in all of the subsequent experiments hereafter.

5.3.2

Fabrication of sol-gel sensing films
The sensing films were fabricated by encapsulating aza-crown-SQR in the sol-gel

matrix casting on a surface of microscope slides. The sol-gel precursors were prepared
using both the acid- and base-catalyzed reactions of alkoxysilanes, followed by the
addition of the dye solution, casting the films by dip-coating, and drying the substrates
for at least 2 days. In both of these catalyzed reaction methods, alkoxysilanes are
hydrolyzed in the presence of water to produce hydroxysilanes and alcohol, followed by
the condensation reaction between two hydroxysilanes, a hydroxysilane and a
alkoxysilane, or two alkoxysilanes as depicted in Figure 5.11. The reaction mechanisms
involving general procedures for the sol-gel preparation methods are being reviewed
elsewhere.222-224 Briefly, prior to the testing for the fluorescence response the sol-gel
coated slides were equilibrated in bis-tris buffer (pH 8.5) for 5-7 days. This equilibration
time was found to be necessary in order to achieve an optimal fluorescence response of
the sensing films to K+, as the dye was re-dissolved into the aqueous phase after being
dried for at least 2 days. Once the fluorescence quenching of aza-crown-SQR was
satisfactory, the surface characterization of these films was then carried out.
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Figure 5.11: Hydrolysis and condensation reactions used during preparation of sol-gel
precursors. In the hydrolysis reaction (Scheme 1), tetrafunctional (i) or trifunctional (ii)
alkoxysilanes are hydrolyzed in water to form hydroxysilane in which the kinetics of the
reaction is much faster in the presence of H+.222-224 In the condensation reaction (Scheme
2), the formation of Si-O-Si bonds can be achieved via different routes (iii-vii) in which
polymeric gel can be obtained by the removal of water and alcohol molecules. Precursors
used in this work include tetramethylorthosilicate (TMOS), tetraethylorthosilicate
(TEOS), methyltriethoxysilane (MTES), 3-aminopropyltriethoxysilane (APTS), and (3glycidyloxypropyl)propyltriethoxysilane.
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Acid-catalyzed reaction method. In the early stage of the sol-gel fabrication, the
precursor was prepared by the acid catalyzed reaction method following the method
outlined by Ertekin et al.194 in which the hydrolysis of TEOS in ethanol proceeds under
the presence of a small quantity of H+, and then the condensation process takes place
after the removal of solvents (i.e., ethanol, acetonitrile, and water) during the dip-coating
and drying. Table 5.1 summarizes the chemical compositions used in the preparation.
Although fluorescence excitation and emission spectra of the encapsulated aza-crownSQR resemble that in buffer solution (spectra not shown), the films prepared by this
method was observed to be fluorescently unresponsive to K+ as shown in Figure 5.12 in
which the time-based emission intensity showed an insignificant quenching of the
encapsulated dye to K+. Minimal quenching of the dye is insufficient for quantitative
measurements, and this sol-gel preparation procedure was therefore discontinued.
Base-catalyzed reaction method. The sol-gel precursor was then prepared using
the base catalyzed reaction method outlined by Nivens et al.225 This procedure involves
the hydrolysis of alkoxysilanes in the presence of a small quantity of water by OH-. An
amino functional group of silane, (3-aminopropyl)triethoxysilane (APTS), was chosen as
a self-catalyst. This procedure was initially used as a test-run in the preparation of a
monolithic gel using a TMOS-APTS mixture (95:5, v/v) to encapsulate aza-crown-SQR
where its fluorescence properties and binding activities are to be investigated. Figure
5.13A shows the excitation and emission spectra of doped aza-crown-SQR which have
the same spectral profiles as measured in solution phase (Figure 5.7A and B), indicating
the TMOS-APTS gel environment (i.e., pH and a possible binding of –NH3+, the amino
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Figure 5.12: Fluorescence response of aza-crown-SQR encapsulated in the sol-gel matrix
to K+ in Bis-tris buffer (pH 8.5). The sol-gel matrix was prepared by the acid-catalyzed
reaction method. [aza-crown-SQR] = 0.8 mM (calculated in sol-gel precursor solution),
and [K+] = 10 mM. The sensing platform was incubated in bis-tris buffer (pH 8.5) for 5
days prior to making measurement.
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functional group of APTS) has no apparent effects on the excitation and emission
properties of aza-crown-SQR. In the presence of K+, fluorescence quenching of azacrown-SQR was also observed at ~50% (Figure 5.13B).
Although the binding activity of the doped aza-crown-SQR to K+ appeared to be
preserved, films made from the TEOS-APTS mixtures are very rough with a surface
roughness (rms) measured at 29 nm (data not shown)), which is typical of the sol-gel
films prepared by the base-catalyzed reaction.226 A smooth surface is therefore required
for the subsequent experiments in which interfacing a lipid bilayer to this substrate will
be performed. This was accomplished by modifying this procedure to incorporate (3glycidyloxypropyl)propyltriethoxysilane (GOPS) in the overall formulation following the
method outlined by Trummer et al.227 This modified formulation is depicted in Table 5.2.
The sol-gel films fabricated by this method have a smooth surface with a surface
roughness (rms) measured at approximately 2.8 nm (Table 5.4). To obtain sol-gel films
of smoother surface, TMOS was used instead of TEOS in the overall chemical
compositions (Table 5.3). Sol-gel films prepared by this method are typically ~50%
porous226 with a surface roughness (rms) measured at 0.6 nm (Table 5.4). The effect of
TMOS on the surface roughness was not further explored.

5.3.2.1 Characterization of the sol-gel films
Physical and chemical properties of sol-gel film were characterized by
ellipsometry, AFM, and the water contact angle measurement.
Thickness: An average thickness of 133 ± 8 nm was determined by Ellipsometry from 5
different films made from sol-gel without dye, each with 5 measurements made at
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Figure 5.13: Excitation and emission spectra of aza-crown-SQR doped in monolithic gel
(A) and its emission spectra acquired in absence (solid line) and presence (dashed line) of
K+ (B). The gel slap was prepared from TMOS-APTS (95:5, v/v) cast on the side of
polymethylmethacrylate cuvet (PMMA). [Dye] = 7.5 µM and ([K+]/ [dye] = 400,000.
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random locations on the film (Table 5.4). A thickness of ~100 nm is typical for the solgel sensing layer for sensing applications. 227, 228
Surface roughness: Sol-gel sensing layers made from TEOS-APTS-GOPS and
TMOS-APTS-GOPS, each with the same chemical compositions (Table 5.2 and 3), have
a surface roughness of 2.85 and 0.6 nm, respectively, as determined by AFM with
scanning areas of 100 µm2 (Table 5.4). Although AFM images of TEOS-APTS-GOPS
and TMOS-APTS-GOPS films are hardly distinguishable as shown Figure 5.14A and B,
respectively, the results clearly show hydrolysis of TMOS-APTS mixtures in the
presence of GOPS produces a smoother surface than TEOS-APTS mixtures prepared
using identical conditions. More importantly, substituting TMOS for TEOS in the
formulation to fabricate the sensing platform produces a surface roughness comparable to
that of a glass slide (0.54 nm, Table 5.4).
Water contact angle: The surface wettability or hydrophilicity was determined
by water contact angle measurements. The contact angle data in Table 5.4 show the
surfaces made from TEOS-APTS-GOPS and TMOS-APTS-GOPS are moderately
hydrophobic, with values of 49º and 47º, respectively. These values indicate a slightly
more hydrophilic nature of the surface in comparison to the value measured on a TEOSAPTS sol-gel surface (water contact angle of 58º).225
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A

B

Figure 5.14: AFM images of sol-gel films made from TEOS-APTS-GOPS (A) and
TMOS-APTS-GOPS (B).
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5.3.3

Formation of a lipid bilayer on sol-gel films
DPhPC planar membranes were formed on sol-gel films using the vesicle fusion

method by incubating the substrate in a liposome solution (0.5 mg/mL) for 30 minutes,
the substrate was then gently washed with buffer several times to remove excess
liposomes. The vesicle fusion method is simple and has been widely used in preparation
of planar membranes, especially when functional components such as receptors and
proteins are to be integrated. 229-232 Studies have shown that the formation of a lipid
bilayer on a glass surface occur in four steps: 1) adsorption of vesicles on a hydrophilic
surface, 2) fusion of small vesicles to form larger ones, 3) rupture of the fused vesicles,
and 4) spreading of the ruptured vesicles to form planar membranes.233-235 Figure 5.15A
and B are epifluorescence images of DPhPC planar membranes containing doped NBDPC (5% mol) formed on surfaces of bare glass and sol-gel film, respectively. These
images exhibit a bright field which is uniformly distributed throughout the field of view
(Figure 5.16), indicating the uniformity of the distribution of NBD-PC with respect to
the optical resolution. Since the lipid membrane formed on a glass substrate by the
vesicle fusion method is typically a bilayer, the membrane formed on the sol-gel substrate
(Figure 5.15B) is also a bilayer using the similarity in the observed intensity as shown in
Figure 5.16 for the comparison and justification.
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A

B

Figure 5.15: Epifluorescence images of DPhPC doped with NBD-PC (5% mol)
deposited on the surface of bare glass (A) and sol-gel platform (without dye) (B) prepared
from TMOS-APTS-GOPS mixtures. Formation of lipid layer(s) on these surfaces was
accomplished by incubating the substrates in liposome solution. The sol-gel film was
subjected to plasma treatment for 45 sec prior to the incubation. Dark spots and features
appeared in B are particulates adsorbed on CCD camera lens. A and B images were
acquired separately (i.e., different time periods).
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Figure 5.16: A plot of the pixel intensity vs. cross-section of epifluorescence images of
NBD-PC (5% in NBD-PC:DPhPC) deposited on a bare glass (thick line) and on a
TMOS-APTS-GOPS film. Data were corrected against their respective background data
and then baseline corrected.
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5.3.3.1 Diffusion coefficient of lipid by FRAP
Fluorescence recovery after photobleaching (FRAP) is a powerful tool for
observing lateral diffusion of biomolecules integrated in the solid supported membranes
which include biopolymer adsorbates, lipids, proteins, DNA assemblies, antibodies and
cellular receptors.236-243
FRAP was used in this experiment to determine the lateral diffusion coefficient
(i.e., mobility) of the fluorescent lipid (NBD-PC) deposited on the surface of TMOSAPTS-GOPS substrate. Photobleaching of NDB-PC was achieved with a laser beam that
has the power output of ~100 mW, followed by monitoring the recovery of fluorescence
intensity at the photobleached areas as shown in Figure 5.17E-H.
The intensities measured in the region of interests (ROIs) inside and outside of the
bleached areas were background corrected, ratioed, and plotted against the time as shown
in Figure 5.18, where the time of the first image captured right after the bleaching source
has been blocked is taken as t = 0 is. The curves were then fitted to an exponential
equation of the form

-τt

F(t) = A(1-e ) + B

D = γDω2/4τ1/2
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Figure 5.17: Chemical structures of DPhPC(A) and NDB-PC (B), and epifluorescence
images of lipid bilayer deposited on TMOS-APTS-GOPS film prepared from DPhPC
(C), DPhPC-NBD-PC (95:5) (D), and FRAP images recorded after the bleaching source
turned off at time = 4 (E), 8 (F), 12 (G), 21 (H) seconds. The dimensions of all
epifluorescence images are 40x40 pixels. The background intensity was obtained by
averaging the intensity from measurements from a control sample (i.e., without NBD-PC)
(D).
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Figure 5.18: Fluorescence recovery curve of doped NBD-PC (5% mol) in DPhPC
membrane bilayer formed on a glass substrate (black filled circle) and on a TMOSAPTS-GOPS substrate (opened circle).
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Table 5.4: Results of the surface characterization of substrates
Parameters

Thickness (nm)2

Bare Glass

1

TEOS-GOPS-APTS

1

TMOS-GOPS-APTS

DM

133 ± 8

128 ± 5

rms surface roughness3
(nm)

0.54 ± 0.06

2.85 ± 0.08

0.6 ± 0.1

Water Contact Angle4

<5º

49º ± 3º

47º ± 1º

Diffusion Coefficient5

2.7 ± 0.6

2.30 ± 0.03

2.1 ± 0.4

D (x10-8 cm2 s-1)
DM = did not measure; (1) TEOS- GOPS-APTS and TMOS -GOPS-APTS substrate were
prepared from the condensation reaction of TEOS or TMOS, GOPS, and APTS in
ethanol containing a small quantity of deionized water; (2) thickness of sol-gel film
deposited on the surface of silicon wafer with an average value from three samples, each
was randomly determined at five different locations by Ellipsometry; (3) surface
roughness of substrates with an average value from on sample, each was randomly
determined at three different locations by atomic force microscopy (AFM); (4) water
contact angle with an average of three plasma-treated samples, each was randomly
determined at five different locations by measuring the angle of water droplets made with
the substrate surface; (5) diffusion coefficient of lipid (DPhPC) with an average value
from three samples, each was calculated from fluorescence emission intensity of NBDPC
recovered after photobleaching of a membrane lipid bilayer made from DPhPC-NBD-PC
(95:5).
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where F (t) is the intensity ratio of the bleached spot/unbleached spot, A and B are fitted
parameters (% recovery = A+B), t is time, and τ is the time constant. The method
outlined by Axelrod et al.244 was used to determine the diffusion coefficient, where D is
the diffusion coefficient, γD is a correction factor incorporating the bleach depth, ω is the
beam half-width at 1/e2, and τ1/2 is the half-time for recovery as fit to an exponential (τ1/2
= ln2/ τ. The correction factor γD was determined to be 1.1.
The diffusion coefficient of NBD-PC in a DPhPC bilayer on a glass, TEOSAPTS-GOPS, and TMOS-APTS-GOPS substrates were found to be 2.7 ± 0.6 x 10-8 cm2
s1, 2.30 ± 0.03 x 10-8 cm2 s-1, and 2.1 ± 0.4 x 10-8 cm2 s-1, respectively. These values and
the relevant parameters of the films are presented in Table 5.4. Although the diffusion
coefficient of NBD-PC on the sol-gel films is somewhat smaller than that measured on a
glass, the results clearly indicate that the lipids diffuse laterally. Such reduction in the
lateral mobility of lipids on the sol-gel film may be attributable to the long range
electrostatic interaction of the negatively charged lipid headgroups to the underlying
substrate containing amino moiety (i.e., amino functional group of APTS). The nature of
the sol-gel films prepared from a TMOS-APTS-GOPS precursor is that these films are
mildly hydrophobic with the water contact angle of 47º, comparing to <5º observed on
the glass surface (Table 5.4). Furthermore, the long-range translational dynamics of
lipids in the supported membrane appears to be greatly influenced by the hydrophobic
nature of sol-gel substrate as indicates by a reduced fluorescence recovery (Figure 5.18).
Reduction of the lipid mobility on the sol-gel films was also observed by Weng et al.245
from which the diffusion coefficients of NBD-PE doped in an egg PC membrane formed
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on an aerogel and glass substrates are 0.6 ± 0.2x10-8 cm2 s-1 and 2.5 ± 0.4x10-8 cm2s-1,
respectively, as determined by FRAP).

5.3.4

Blocking of H+ by a DPhPC bilayer
To ensure that the observed quenching is due to the binding of K+ to the doped

fluorescent reporter, the photostability of encapsulated aza-crown-SQR in the sol-gel
matrix was examined by exposing the substrate to the light source (He-Ne laser) for 200
minutes for which photobleaching of the dye was calculated at 4% (Figure 5.19A),
suggesting the encapsulated dye is fairly stable under the measurement conditions (i.e.,
~1 mW measured at the optical train). The spectral relationship between the He-Ne laser,
the fluorescence properties of aza-crown-SQR, and a XF3029 bandpass filter is presented
in Figure 5.19B.
Results from FRAP experiment indicate the formation of a lipid bilayer on both
glass and the sol-gel substrates. The intent of the H+ blocking experiment is to examine
the integrity of a DPhPC bilayer for defects such as pinholes and breaks for which they
cannot be determined by FRAP. Conceptually, defects in a supported planar membrane
will eliminate the possibility of detecting quenching of aza-crown-SQR in the presence of
transported K+ by valinomycin, and examination of the lipid bilayer for these defects is
therefore required. This was accomplished by monitoring fluorescence intensity of the
doped fluorescent reporter after changing H+ gradients in the solution above the bilayer.
For a control experiment, the film was exposed to the H+ gradients by decreasing the pH
of the buffer from 8.9 to 6.6 (calculated) and the intensity jump was observed (Figure
5.20A). The increase in fluorescence intensity under low pH has also been observed in
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Figure 5.19: The photostability of aza-crown-SQR
entrapped
in the sol-gel matrix
Wavelength
(nm)
prepared from TEOS (B) and fluorescence spectral profiles of aza-crown-SQR, a 628.5
nm He-Ne laser line, and the transmission of XF3029 bandpass filter (light dashed line)
(B). Photobleaching of aza-crown-SQR under the exposure of the sample to ~1 mW of
He-Ne laser is calculated at 4% in 200 minutes.
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Figure 5.20: Fluorescence enhancement of aza-crown-SQR encapsulated in TMOSAPTS-GOPS sol-gel matrix in the absence of DPhPC bilayer (a control) (A) and azacrown-SQR encapsulated in TMOS-APTS-GOPS with lipid bilayer after addition of 600
µL buffer (pH 6.5) to the solution above the bilayer, followed by addition of detergent
solution (TX-100)(B). The final pH in (B) is calculated at 6.6.
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the solution measurements (Figure 5.8) for which this squaraine dye can also be used as
a pH probe. For the H+ blocking experiment, a DPhPC bilayer was deposited on the solgel surface prior to changing the pH of the buffer. Figure 5.20B shows the fluorescence
intensity remains virtually constant for a long period of time (600 sec) after the addition
of an acidic buffer, indicating that DPhPC bilayer is relatively impermeable to H+ with
respect to the time of measurement. The experiment was repeated 20 times for which
only 2 identical results were obtained. In contrast, H+ diffuses freely into the sol-gel pore
after the membrane was dissolved with TX-100, 246 resulting in an increase of the
intensity of ~25% as shown in Figure 5.20B.

5.3.5

Passive transport of K+ across a DPhPC bilayer
A cell membrane is highly impermeable to metal ions such as K+ and Na+ whose

permeability coefficient across a lipid bilayer is on the order of 10-12 -10-14 cm/sec.247, 248
K+ and Na+ are required for cellular functions70-73 where they are routinely being
transported in and out of cells through their respective channel proteins via a number of
the biochemical reactions including the reactions involving ATP (i.e., active transport)
(Chapter 1, Section 1.2).249 Passive ion transport is another pathway which involves the
binding of these ions to the transporters such as binding agents and furosemide,250
gramicidin,251 and valinomycin.252-255 To continue to examine the DPhPC bilayer
deposited on a TMOS-ATPS-GOPS sensing platform for its usefulness as a barrier to K+,
another experiment was performed where transporting of K+ across a bilayer will be
assisted by a membrane constituted ion transporter, valinomycin. This was done by
reconstituting valinomycin into the membrane bilayer via the self-reconstituting
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method,256 followed by the introduction of K+ to the solution above the membrane. Since
valinomycin has the affinity for hydrophobic environments, it is presumed to selfpartition into the membrane bilayer. Partitioning of valinomycin into a lipid bilayer
membrane in aqueous buffer was observed by impedance measurements.257 Passive
transport of K+ was then monitored.
Figure 5.21A shows a plot of the intensity of the doped fluorescent reporter vs.
time in which the data were acquired during the control experiment and prior to the
introduction of valinomycin. Here, the intensity was observed to remain constant after the
addition of K+ to the aqueous volume above the bilayer, suggesting that the bilayer is
impermeable to K+. This observation is consistent with the results previously observed in
the H+ blocking experiment. Conversely, the intensity of the same film was quenched
after the self-partitioning of valinomycin into the membrane, followed by fluorescence
titration with 0.1, 1.0, and 10 mM K+ (Figure 5.21B). In the absence of defects and
breakage of the bilayer, fluorescence quenching observed during this titration is due to
the passive transport of K+ by valinomycin. Despite the fact that valinomycin has been
studied extensively for many decades, its mechanism involving transport of K+ across a
bilayer is not well understood.258, 259 The basic carrier model uses four rate constants to
describe a transport mechanism involves 4 major steps: (1) association of K+ and
valinomycin, (2) transfer of K+-valinomycin complex across the membrane, (3)
dissociation of the complex, and (4) transfer of the free valinomycin back across the
membrane. The rate constant of the association step was found to vary with respect to
[K+], while the rate constants of steps 2-4 were found to be independent of the ion
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concentration.260

5.4

Conclusion
Four crown ether conjugated chromophores were characterized for their spectral

response to K+ by absorption and fluorescence measurements, where only aza-crownSQR was found to be fluorescently responsive to K+ in buffer solution and as well as in
the sol-gel matrix. An optimal quenching of the dye was observed under basic buffers
(pH 8-9). The sensing films for detection of K+ were fabricated by doping aza-crownSQR in the sol-gel matrix comprised of TEOS, APTS and GOPS. These films were
prepared using the base-catalyzed reaction in which APTS was used as a self-catalyst.
Hydrolysis and condensation of TEOS in the presence of APTS and a small quantity of
water resulted in a very rough sol-gel surface due to extensive cracks of the films upon
drying. A considerably smoother surface with a surface roughness of 2.85 nm, as
determined by AFM, was obtained after GOPS was included in the overall compositions.
Furthermore, substituting TMOS for TEOS produced even smoother surface with a
surface roughness of 0.6 nm, which is comparable to that of a glass slide whose surface
roughness is measured at 0.5 nm.
Although the surface property of TEOS-APTS-GOPS and TMOS-APTS-GOPS
was found to be mildly hydrophobic, as indicated by the water angle contact angle of 49º
and 47º, respectively, epifluorescence images showed that formation of a lipid bilayer on
these mildly hydrophobic surfaces is possible. Results from FRAP measurements indicate
NBD-PC is mobile on these surfaces with the diffusion coefficients calculated at 2.3
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2.1x10-8 cm2s-1 on TEOS-APTS-GOPS films and 2.1x10-8 cm2s-1 on TMOS-APTS-GOPS
films, respectively, with a 90% recovery rate.
Defects such as pinholes in a DPhPC bilayer were examined by a H+ blocking
experiment. The time-based intensity data showed no changes in fluorescence intensity of
doped aza-crown-SQR intensity after pH of the buffer in the volume above the membrane
was lowered to 6.6 (calculation), indicating the impermeability of DPhPC to H+ gradients
during the data acquisition time (~600 sec) and the membrane is thus freed of defects and
pinholes. The integrity of a DPhPC bilayer formed on the sol-gel surface was further
demonstrated by performing a K+ blocking experiment. For the control experiment, a
DPhPC bilayer was observed to be impermeable to K+ as indicated by the time-based
fluorescence measurement in which the intensity was observed to be constant during the
presence of K+. The impermeability of a DPhPC bilayer has allowed a selective transport
of K+ across the bilayer to be examined using valinomycin as a K+ transporter. The timebased fluorescence intensity was quenched upon the addition of K+. In the absence of
membrane breakage, rip or deformation during the experimentation, this observation is
indicative a passive transport of K+ by valinomycin.

5.5

Project assessment
The objective to fabricate a K+ sensing platform in its simplest form, as described

in Chapter 1, which was divided into three major areas: (1) spectroscopic
characterization of organic dyes for their spectral response to K+, (2) fabrication of
sensing films using sol-gel films encapsulating K+ sensitive dyes (KSDs), and (3)
interfacing the sensing films to the lipid membrane. For spectral characterization, the
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results from absorption measurements conclusively indicated that binding of the analyte
to the crown ether cavity did not induce changes in molar absorptivity of these dyes
(Figure 5.3-4). In fluorescence measurements, only aza-crown-SQR was spectrally
responsive to K+, quenching its emission, Figure 5.9. Nevertheless, a search for a new
potassium sensitive dye is warranted since aza-crown-SQR appears to be fluorescently
nonresponsive when stored in a subzero environment for a period of time (a couple of
months).
For the fabrication of the sensing film, it has been demonstrated that the sol-gel
material can be manipulated to generate an analytical response. Here, quenching of azacrown-SQR doped films was minimal in TOES matrix due to its lower pH environment
(Figure 5.10). To raise the pH of the pores, the sol-gel was prepared using APTS, which
functions as a buffer component (propylamine has a pKa ≈10.6). Furthermore, cracking of
the films upon drying was prevented by incorporating GOPS into the formulation. These
TMOS-APTS-GOPS mixtures have been shown to produce smooth films with an rms of
0.6, comparable to a glass (rms = 0.5, see Table 5.4).
Interfacing sol-gel films to a lipid bilayer was proven possible. From epifluorescence measurements (Figure 5.16), a lipid bilayer prepared from DPhPC by the
vesicle fusion method was obtained for which the quality of the bilayer was assessed by
the H+ blocking experiment. A DPhPC bilayer was shown to be partially impermeable to
H+ gradients (Figure 5.20). Reconstituting a K+ transport, valinomycin, into a lipid
bilayer was achieved and passive transport of the ion was observed (Figure 5.21).
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On a serious note, the results shown in Figure 5.20B and Figure 5.21B are not
typical for this type of experimentation for which it was repeatable only once out of 24
trials. Unlike the liposomal experimentation where lipid molecules are interfaced with
only an aqueous phase, the experiment performed here is based on the integrity of a
planar supported bilayer in which lipid molecules are interfaced with three different
foreign objects, namely an aqueous phase, a Teflon wall, and the sol-gel substrate.
Furthermore, while the surface areas of a small unimellar liposome is small (A ≈7,854
µm2 (r = 25 µm)), the surface areas of this flow cell is approximately 10,000 times
greater. The combinations of the surface areas and the interfacing of lipid molecules with
the non-native environment or foreign objects are the main factors compromising the
reproducibility of these experiments. Therefore, a better experimental design, which
include a structural design of a flow cell, is necessary in order to achieve a reasonable
reproducibility of the results.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTION
6.1

Conclusions
This research project was aimed at development and applications of

TIRFM, studies were focused on cell-substrate adhesion and ion-ligand binding in
a sol-gel glass.
Cell adhesion study: Using chemical and irradiation methods to correct
for autofluorescence from cultured cells are inapplicable to live cell
measurements since the methods are destructive, whereas spectral methods are
non-invasive and can be easily implemented. A steady-state TIRF image of an
unstained cell adherent on a bare fused silica substrate (Figure 3.5B) showed
cellular autofluorescence with the intensity unevenly distributed throughout the
cell areas. As indicated by its broad band emission (a steady-state TIRF spectrum
shown in Figure 3.7), this fluorescence derived from excitation of a whole host of
natural molecules residing within the evanescent volume adjacent to the substrate
surface, which may include elastin, lipofusin, nicotinamide adenine dinucleotide
(NADH), riboflavins, and flavin coenzymes.60 This has seriously limited the use
of fluorescence microscopy as a photometric technique for studying cell
molecular biology in vitro. Here, spectroscopic filtering of autofluorescence was
performed by utilizing a temporally gated CCD with a liquid crystal shutter to
create a brief delay after pulsed excitation laser, resulting in sufficient rejection of
both autofluorescence and short-lived, extrinsic fluorescence from cultured cells.
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Moreover, this time-resolved TIRF technique has also shown the capability to
selectively detect the emission from a long-lived, extrinsic label such as a Tb
chelate (Figure 3.10).
The utility of the time-resolved TIRFM was enhanced by development of labels
having more favorable photophysical properties and/or exhibiting higher specificity as
staining agents. A Tb chelate with membrane specificity was synthesized by conjugating
a chelating molecule (DPTAmA-pAS) with a lipid molecule containing an amine reactive
group (DOPE). In aqueous solution, DOPE-DTPA-pAS- Tb+3 showed intense green
fluorescence with an emission lifetime of ca. 1.5 msec and a fluorescence spectral profile
resembling that of DTPA-pAS-Tb+3 (Figure 4.4). To demonstrate the utility of the
technique for studying the contact region morphology of cells cultured on synthetic
biomaterials, cells were cultured on a polystyrene coated surface, a polymer that emits
intense autofluorescence. The intensity profile obtained from TIRFM images labeled with
DOPE-DTPA-pAS- Tb+3 adherent on polystyrene showed a significant reduction of
autofluorescence and polystyrene substrate emission, as confirmed by TIRF spectra
(Figure 4.11). Thus the technique is particularly well suited to samples that exhibit high
levels of short-lived background emission.
Development of K+ sensing platform: In vivo as well as in vitro, KATP channels
are known to be activated by binding with a wide variety of molecules that include drug
compounds, resulting in K+ transport across the cell membrane. This concept serves as a
working model for a development of KSP (Figure 1.3). KSP (i.e., potassium ion sensing
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platform) was fabricated by encapsulating KSD (i.e., potassium ion sensitive dye) in a
sol-gel matrix cast on a glass substrate.
Four KSDs (Figure 5.1) were characterized for their fluorescence response to K+
in solution. Only aza-crown-SQR was found to be responsive to K+ binding, as
determined by fluorescent quenching measurements (Figure 5.9) for which the
quenching was quantitative in pH 8-9 buffers (Figure 5.10). Similarly, aza-crown-SQR
was found to be responsive to the analyte when encapsulated in a sol-gel matrix prepared
by the base-catalyzed reaction (Figure 5.13B).
The surface roughness and hydrophilicity of the sol-gel substrate are crucially
important to the formation and integrity of a lipid membrane bilayer. A sol-gel precursor
synthesized from the TEOS-APTS mixture produced a very rough surface with the rms
value of 29 nm, as determined by AFM. Addition of GOPS to the sol-gel components
during the hydrolysis produced smoother surfaces. Substituting TMOS for TEOS in the
overall sol-gel compositions produced even smoother surfaces with a rms value of 0.6 nm
(Figure 5.14) compared to a glass substrate (rms = 0.5 nm). However, the lateral mobility
of a lipid bilayer on the sol-gel substrate was slower than on the glass substrate with
diffusion coefficients (D) of 2.1 ± 0.4 and 4.0 ± 0.3x10-8 cm2 s-1, respectively, as
determined by FRAP. Given the similarity in the rms value for both sol-gel and glass
substrates, the lateral diffusion of lipid molecules on a TMOS-APTS-GOPS surface
appears to be influenced by its wettability, as indicated by a higher value of the water
contact angle, 47º, which is considered mildly hydrophobic as compared to glass.
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The integrity of a DPhPC membrane lipid bilayer on a TMOS-APTS-GOPS
surface was examined by monitoring H+ diffusion across the bilayer. The time-based
intensity data showed no enhancement of the intensity after decreasing pH of the solution
above the bilayer from 8.9 to ca. 6.5 (Figure 5.20), suggesting the DPhPC bilayer was
impermeable to H+ during the time of the data acquisition (~600 sec). Selective transport
of K+ across an impermeable DPhPC bilayer by a membrane incorporated K+ transporter,
valinomycin, was realized. The time-based intensity plot in Figure 5.21B showed
substantial quenching of the intensity was observed after introduction of K+ to the
solution above the membrane, suggesting that in the absence of breaks, ruptures, and
deformation of the bilayer during the experiment, quenching of the intensity was
attributable to the selective transport process.

6.2

Future direction
Major issue facing the current project: The major issue in fluorescence

detection of K+ in aqueous environments is binding affinity and selectivity. Using crown
ether moieties as the binding site for K+ is inherently problematic since H3O+ also
competes for the site,213 especially when measurements are to be performed under
moderately acidic conditions. Furthermore, aza-crown-SQR appears to be unstable as
fluorescence quenching by K+ was commonly observed with a newly synthesized dye,
whereas inconsistent results were observed with the dye stored at -5 °C for a period of
time. Factors responsible to its spectroscopic instability were not further explored. Thus,
other fluorescence reporters should be investigated. For example, N,N,N‟,N‟-tetramethyl6-carboxyrhodamine (TAMRA) conjugated to 6-carboxyfluorescein (FAM) through
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DNA spacer (21-mer oligonucleotide (human telomeric DNA sequence), was found to be
extremely responsive to K+. Here, FAM and TAMA are the energy donor and acceptor
pairs for which upon binding to K+ four GGG sequence sites form tetraplex folding, thus
bringing the energy donor-acceptor to the distance where fluorescence resonance energy
transfer can occurs.261 The attractive features of this K+ sensitive dye are it is soluble in
buffer of natural pH and its excitation and emission wavelengths are in the far UV
regions.
Continuation of the research project: Probing of individual KATP channels for
their functionality has been traditionally performed using the electrophysiological patchclamp method.262-264 However, Demuro and Parker have recently shown that the
functioning of individual channels can be visualized by TIRFM.265-270 In these studies,
the opening of voltage-gated Ca+2 channels in an oocyte membrane in response to
depolarization by a -15 mV potential step allows Ca+2 influx across the membrane and
interacts with fluo-4-dextran resulting in an increase of fluorescence signal.
It is therefore possible to extend this research project to include optical KATPchannel recording. Figure 6.1 illustrates an experimental design for optical KATP-channel
recording. Here, individual KATP-channels are reconstituted in the DPhPC membrane
bilayer. Binding of ATP molecules to the channels results in K+ influx across the lipid
membrane bilayer, where the analyte binds to KSD encapsulated in the sol-gel matrix
causing fluorescence enhancement (Figure 6.1B2). This experimental design can provide
a simultaneous and independent readout from many channels from which parameters
such as the KATP-channel-ligand binding kinetics can be obtained.
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Figure 6.1: Schematic drawing of KATP-channel activation by ATP molecules (A),
resulting in K+ influx across a DPhPC membrane bilayer; binding of K+ to KSD
encapsulated in the sol-gel matrix causes fluorescence enhancement, as represented in
TIRF image (B2). In the absence of KATP-channel (control), fluorescence intensity from a
TIRFM image remains unchanged (B1). The intensity from these TIRF images can be
graphically presented by the intensity vs. cross-section plot (C), where the dashed and
solid lines represent the intensity derived from TIRF image B1 and B2, respectively.

182

APPENDIX A
A SIGNAL ENHANCEMENT TECHNIQUE FOR FLUORESCENCE IMAGING
OF LOW DENSITY FLUOROPHORES
A1

Introduction
Imaging of low number density fluorophores requires the probe to be highly

fluorescent. Highly fluorescent probes such as yellow fluorescence protein (YFP)271 and
quantum dots272, 273 have been used in important biological imaging applications, such as
in labeling low density receptors in vivo and in vitro for probing of the physiology of
brain tissues and monitoring blood flow. Although quantum dots exhibit high
photochemical stability, their long term effects on tissues and organs, especially their
toxicity, has not been extensively studied.
Utilizing fluor-doped silica nanoparticles as fluorescent probes for imaging
biological specimens is an alternative approach. Silica nanoparticles doped with tris(2,2bipyridyl)-dichlororuthenium(II) hexahydrate (Ru(bpy)32+) were found to have an
emission intensity comparable to that of 39 QD 605 particles, 1290 Texas Red molecules,
and 7.2 x 104 Ru(bpy)32+ molecules.274
Thus, the purpose of this work is to demonstrate that a rhodamine doped silica
nanoparticle emits a much more intense signal than a single rhodamine molecule as
determined by fluorescence imaging. However, nonspecific adsorption of biological
molecules, especially proteins, to silica is highly favorable,275 which is an undesirable
property of silica nanoparticles in biological applications. Such nonspecific adsorption,
however, can be greatly reduced by coating the particles with an inert lipid bilayer.276 In
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conjunction with the intensity comparison, both specific and nonspecific adsorption of
nanoparticles will be demonstrated by fluorescence imaging. Another attractive feature of
having a lipid bilayer coated on a surface is its ability to function as a simplified cell
membrane into which other cellular components such as receptors and antibodies can be
incorporated. Thus, the lipid coated, dye doped nanoparticle can be employed as a
fluorescent label for a wide variety of applications, including in vivo and in vitro
fluorescence imaging. To demonstrate this concept, a nanoparticle is coated with bisSorbPC whose chemical structure contains sorbyl moiety at the hydrophobic tails (Figure
A1 (A)) which can be polymerized by a wide variety of methods including UV irradiation
and radical initiation to create highly cross-linked and chemically stable supported lipid
bilayer to provide a platform for surface functionalization by doping with lipid bearing
chemically reactive headgroup such as biotin277, 278 that serves specifically as a ligand to
streptavidin receptor. In order to create a chemical architecture consisting of a
streptavidin molecule sandwiched between two biotins (see Figure A1 (B)), streptavidin
is first immobilized on a DOPC-biotinPE membrane formed on a fused silica substrate
before introduction of the coated nanoparticles. DOPC (1,2-dioleoyl-snglycero-3phosphocholine) is commonly used to create a lipid bilayer formed on a glass substrate
via liposomal fusion process. Fluorescence imaging data acquired during the binding
events between bis-SorbPC coated, biotinPE coated nanoparticles and the streptavidin
surface will then be compared to that of single molecule measurements. In addition to
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having a high binding affinity (dissociation constant, Kd ≈ 10-13-10-16 M),279 the
streptavidin-biotin binding model was chosen as the ligand-receptor pair since it has been
extensively studied.279-281 The molecular construction and binding models of the single
molecule and nanoparticle imaging are depicted in Figure A1.

A2

Experimental Section

A2.1

Chemicals
Tetramethylrhodamine isothiocyanate (TRITC), protamine sulfate (MW = 5000

g/mole), n-hexanol, (TX-100), ammonium hydroxide (28-30 Weight %), and tetraethyl
orthosilicate (TEOS) were purchased Sigma-Aldrich Chemicals Co. Cyclohexane,
acetone, sulfuric acid, and mono- and dipotassium phosphate were obtained from Fisher
Scientific; unlabeled and rhodamine labeled streptavidin (3-5 rhodamine/streptavidin)
was purchased from Leinco Technologies, Inc. 1,2-dioleoyl-snglycero-3-phosphocholine
(DOPC) and 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) were
acquired from Avanti Polar Lipids, Inc.; bis-orbylphosphatidylcholine (bis-SorbPC) lipid
was synthesized by R. Wysocki (Chemistry Department, The University of Arizona). All
chemicals and solvents were used without further purification.

A2.2

Protamine labeling

Protamine was labeled with rhodamine dye (TRITC) in carbonate buffer solution by
addition of 100 mg (186.6 µmoles) of TRITC to 2.0 mL of carbonate buffer (pH 9)
containing 12.9 mg (2.6 µmoles) of protamine sulfate. The molar ratio of TRITC to
protamine was calculated at 72 to 1.
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The reaction was allowed to proceed for 12 hours at room temperature. Isolation
of the dye labeled protein from the starting materials was achieved by exploiting the
insolubility of the protein in alcohol. This was done by simply adding 10 mL of methanol
to the reaction vial upon which precipitation of the red solid crystal was observed and
collected by centrifugation at 10,000 RPM for 15 minutes. Three washing cycles were
performed in sequential steps. First, 1.0 mL of methanol was added to the centrifugation
tube containing the collected precipitant and vortexed briefly to re-dissolve the crystal
pellet. Then, the centrifugation tube was placed in an ultrasonication bath for 15 minutes
at an elevated temperature (37 ºC) to further disintegrate the molecular aggregates.
Finally, the solution of labeled protein was subjected to centrifugation again to remove
methanol. It was visually observed that three cycles of washing were sufficient to remove
un-reacted rhodamine dye from the product as the methanol supernatant became
colorless. The product was redissolved in a 600 µL volume of carbonate buffer (pH 9).
The rhodamine-protamine labeling ratio was not determined.

A2.3

Synthesis of rhodamine-protamine encapsulated nanoparticles
Rhodamine-protamine entrapped silica nanoparticles were prepared using a

reverse microemulsion method by mixing TEOS (100 L) in cyclohexane (6.5 mL), nhexanol (1.8 mL), TX-100 (1.77 mL), NH4OH (60 L), and carbonate buffer (546 L
containing rhodamine labeled protamine). The reaction was allowed to continue for 24
hrs at room temperature.
Isolation of nanoparticles was done by addition of 8.0 mL of acetone to the
reaction vial, followed by centrifugation at 15,000 rpm for 30 minutes, washing with
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methanol, centrifugation (two cycles), washing with ultra pure water, and centrifugation
again (once). Nanoparticles were re-dissolved in 2.0 mL ultra pure water. The
concentration of nanoparticles (number of nanoparticles per L of the stock solution) was
determine by transferring 10 L volume of the stock solution to a small weighing pan
containing a small quantity of methanol and placed inside a 20 mL scintillation vial.
Solvents (methanol and water) were removed from the sample by passing a slow stream
of Ar gas over the sample, after which the sample was vacuum dried for 8 hrs and then
weighed. For dried nanoparticles weighing 0.144 mg, the number of nanoparticles was
calculated at 1.11 x 1011 using known values (i.e., diameter = 100 nm, density of dried
nanoparticles = 1.96 g/mL).
The doping density of nanoparticles (i.e., rhodamine molecules/nanoparticle) was
determined by diluting 10 L stock solution with methanol to an appropriate volume;
then a fluorescence measurement of the rhodamine label in the nanoparticles was made
using a Fluorolog-3 spectrofluorometer. Calculations were performed against rhodamine
standard measurements in methanol.

A2.4

Preparation of polymerized bis-Sorb coated nanoparticles
Vesicles were prepared from DOPC and DOPC- biotinPE mixture (9:1 molar

ratio) at ~0.5 mg/mL following the procedure described in Chapter 5, Section 5.2.6.
Polymerized bis-SorbPC nanoparticles were prepared by transferring a 2 L volume of
nanoparticle stock solution to 3 mL of bis-SorbPC liposome solution ([lipid] = 1x10-4 M).
The solution mixture was ultrasonicated for 40 minutes at 35 ºC. Nanoparticles coated
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with bis-SorbPC were then polymerized via a low pressure mercury UV lamp (Fisher
Scientific, Denver, CO) for 30 minutes. In some cases biotinPE was inserted into
polymerized bis-SorbPC nanoparticles. This was done by adding biotin lipid at a 10%
mole fraction (bis-SorbPC:biotinPE (9:1 molar ratio)) to the poly(lipid)-coated
nanoparticle solution and allowing it to stand for 12 hrs.

A2.5

Substrate cleaning
Fused silica coverslips (ESCO Products, Inc.) were submerged in a mixture of

solution of hydrogen peroxide and sulfuric acid (3:7) for 30 minutes, rinsed with running
purified water, and sonicated for 15 minutes for three times (first with purified water,
then with methanol, and again with purified water), and oven-dried at 110 ºC for 12 hrs.

A2.6

Preparation of streptavidin surface
Lipid membrane bilayers were prepared by the vesicle fusion method,205 as

previously described in Chapter 5, Section 5.2.6.1. Typically, 500 L of vesicle solution
was incubated in Teflon walled well with a fused silica bottom-window for 20 minutes
and washed five times with 10 mM phosphate buffer (pH 7.1). To prepare the
streptavidin surface, 100 L of 1.0 mg/mL streptavidin solution was added to the well
containing the biotinylated bilayer, allowed to incubate 30 minutes, and then washed five
times with phosphate buffer.

A2.7

Fluorescence measurements and image processing
The 514.5 nm line of an air-cooled argon laser (Spectra-Physics) was used for

fluorescence excitation. Generally, a laser beam with 15 mW power was focused into an
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entrance of an inverted microscope (Nikon) equipped with RITC filter (Omega) and 100x
oil-immersion (NA = 1.4) objective through which a fluorescent signal was detected
using a water-cooled CCD detector (Cascade, Photometrics) and processed with
WinView software (Roper Scientific). An integration time of 100 msec was used for each
frame and 500 frames were acquired sequentially. The readout time (the time requires for
transferring data between frames) was 22 msec. The pixel intensity representing either
streptavidin molecules or nanoparticles bound to the surface were selected, background
corrected, and exported as text files and read by OriginPro 7.5.

A3

Results and discussion

A.3.1 Protamine labeling
Protamine is a protein with repeating units consisting of three arginine residues.
The reaction of protamine with TRITC in pH 9 of carbonate buffer produces rhodamine
labeled protamine with a presumed chemical structure shown in Figure A2. The
molecular weights of protamine and rhodamine labeled protamine were determined by
mass spectrometry. Figure A3 shows the average molecular weight of protamine is 42004500 daltons (A) with 6-7 repeating units, and the average molecular weight of
rhodamine labeled protamine is estimated at ~5500 daltons (B), corresponding to a
labeling ratio of 1-3 rhodamine molecules per protamine.

A3.2

Fluorescence characterization of rhodamine labeled protamine
In phosphate buffer (pH 7.4), the product was observed to have fluorescent

excitation (not shown) and emission spectra resembling that of TRITC as shown in
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Figure A3: Mass spectra of protamine (A) and rhodamine labeled protamine (B)
determined by MALDI-ToF (matrix assisted laser desorption ionization-time of flight)
technique using Bruker Reflex III mass spectrometer (Bruker, Germany).
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Figure A3, suggesting the conjugation did not alter fluorescence properties of the dye
molecule. After encapsulation in silica nanoparticles, the maximum emission band was
blue-shifted 5 nm (Figure A4), indicating slight environmental effects (i.e., more
hydrophobicity) within the nanoparticle cavity.
Nanoparticles prepared by the reverse microemulsion method appeared to have a
uniform size with a diameter estimated at 65-100 nm.277 This result is consistent with
previous reports.274, 282, 283 Doping nanoparticles with TRITC or TRITC-dextran (MW
≈10,000), both of which are positively charged molecules at neutral pH (~7), resulted in
serious leaching of the dye during the washing steps. Although it is expected that the
electrostatic interaction between both TRITC and TRITC-dextran and the pores of the
particle occurs, such interaction did not prevent leaching out of the dye. On the contrary,
leaching was not observed when nanoparticles were doped with rhodamine labeled
protamine as a result of the electrostatic interactions between the labeled protamine
which has approximately 17-20 (+) charges and the pores of the particle (i.e., silica
surface has a net negative charge because each silanol has a pKa ≈ 4.6284).

A3.3

Fluorescence imaging
Hereafter, bis-SorbPC coated, biotinPE inserted, rhodamine-protamine entrapped

nanoparticle is denoted as SBRPNP, rhodamine labeled streptavidin as RLS, DOPCbiotinPE bilayer as DBM, DOPC bilayer as DM, and streptavidin adsorbed on DOPCbiotin-PE bilayer as SDBM.
With an inverted fluorescence microscope equipped with a 100X objective
focused on an approximately 48 m2 area and a real-time image collection technique, the
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biotin-streptavdin interaction was recorded and analyzed using a set of 100 binding
events for both the molecular and nanoparticle binding models (i.e., RLS to DM and
DBM, SBRPCN to DM and SDBM).
Molecular binding model. Nonspecific binding of streptavidin was measured by
performing a control experiment in which streptavidin was allowed to adsorb or bind to a
DM. Figure A6 shows a series of fluorescence images of rhodamine labeled streptavidin
adhered on the surface of a DM bilayer recorded on successive frames. A set of 100 RLSDM binding events was analyzed for the residence time, as determined by the number of
frames for which a particular fluorescence dot was observed, and the pixel intensity. The
results showed a majority (56 events) of streptavidins adhered on a DM for only a single
frame and the rest adhered anywhere from 2-11 consecutive frames. The results are
summarized in Table A1.
Specific binding of streptavidin was determined from the binding of RLS to a
DBM. Figure A7 shows a series of fluorescence images of RLSs captured on a DBM.
The procedure described above was used for the analysis of the binding events. In a set of
100 binding events, 23 events were observed in 1 frame, 15 in 2 frames, 19 in 3 frames,
and the rest appeared on anywhere from 4-12 consecutive frames. The results are
summarized in Table A1.
Nonspecific binding of streptavidin to the substrate surfaces is defined by a
residence time in which the molecule is bound to the surface of the substrate for 1-5
frames, or 100-588 ms, there is a 22 ms recovery time between frames. RLSs that stayed
bound to DM and DBM surfaces beyond 588 ms are considered specifically bound.
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Figure A6. A series of fluorescence images of RLSs captured on a DM bilayer surface.
The arrows identify streptavidin molecules of interest appearing on the surface as bright
fluorescence dots against a dark background. The number denotes the number of frames
for which a molecule was captured. The image dimensions are 1760 µm x 1760 µm.
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Figure A7. A series of fluorescence images of RLSs captured on a DBM. The image
dimensions are 1680 µm x 1680 µm.
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bars) and a DBM (open filled bars.
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From Figure A8, RLS was found to be nonspecifically bound to DMs 95% of the time,
whereas 73% of time the molecule was nonspecifically bound to DBMs. These statistical
differences are attributable to specific binding activity of streptavidin to DBM. Although
only 28% of time, RLS was observed to specifically bind to DBM, this small number
may be due to a low probability of streptavidin finding binding sites that comprise only
10% of the bilayer surface area (assuming that the surface areas of biotinPE and DOPC
are the same).
Nanoparticle binding model. Nonspecific binding of SBRPNP was measured by
allowing the nanoparticles to interact with a DM (a control experiment). Figure A9
shows a series of fluorescence images of SBRPNPs captured on a DM surface. In a set of
100 binding events, 73 events were observed in a single frame, 17 in 2 frames, 7 in 3
frames, 2 in 4 frames, and 1 in 5 frames. The results are summarized in Table A1.
Specific binding of SBRPNP was measured by allowing the nanoparticles to
interact with a SBM. Figure A10 shows a series of fluorescence images of SBRPNPs
captured on a SDBM. In a set of 100 binding events, 63 events were observed in 1 frame,
12 in 2 frames, 10 in 3 frames, and the rest appeared in anywhere from 4-10 consecutive
frames. The results are summarized in Table A1. Figure A11 is a plot of the population
distribution of SBRPNP as a function of the frame number, showing that 100% and 93%
of the time SBRPNPs were found to be bound nonspecifically to SM and SDBM,
respectively, and only 7% were found to be bound specifically to a SDBM. In
comparison to 30% of RLSs were captured on a DMB for more than 5 frames, or more
than 588 ms, fewer specific binding events in the SBRPNP-SBM system (7%) is likely
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Figure A9. A series of fluorescence images of SBRPNPs captured on a DM bilayer
surface. The image dimensions are 1830 µm x 1830 µm.
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Figure A10. A series of fluorescence images of SBRPNP captured on a SDBM. The
image dimensions are 1910 µm x 1910 µm.
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Table A1 Distribution of the population of streptavidin-biotin binding events observed in
experiments using the molecular and nanoparticle binding models.
Frame Number

SM1

SM2

NP1

NP2

1

56

23

73

63

2

18

15

17

12

3

12

19

7

10

4

8

8

2

4

5

1

8

1

4

6

0

4

0

4

7

1

7

0

0

8

2

3

0

1

9

0

5

0

1

10

1

4

0

1

11

1

4

0

0

12

0

3

0

0

SM1 = binding of RLSs to a DM; SM2= binding of RLSs to a DBM; NP1 = binding of
SBRPNPs to a DM; NP2 = binding of SBRPNPs to a SDBM.
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due to the steric restriction of the biotin-streptavidin-biotin configuration, whereas RLS
binds directly to a SDBM, as depicted by the molecular and nanoparticle binding model
shown in Figure A1.

A.3.4 Signal amplification
In methanol, the emission spectrum of encapsulated TRITC labeled protamine
shown in Figure A5 was slightly blue-shifted (~5 nm) compared to the emission
spectrum of TRITC, suggesting the environment within the nanopaticle cavity has little
effect on the physical property of the entrapped dye molecule. As a result, fluorescence
measurements of the dye entrapped silica nanoparticle can be performed under the same
conditions as the dissolved dye.
Based on a calibration with TRITC in methanol, rhodmine-protamine entrapped
nanoparticles contained an average of 160 rhodamine molecules per nanoparticle. RLS
molecules contained 4.3 rhodamines per streptavidin based on a calibration with TRITC
in phosphate buffer (pH 7.4). This results in a predicted amplification factor of 37. The
average pixel intensities obtained from 30 specific binding events in RLS-DSB and
SBRPNP-SDBM experiments were compared as shown in Figure 12A. These values
were obtained from the measurements where the instrumental nominal gain was set at
4000 and 3000 for the single molecule and nanoparticle detection, respectively. To
validate these results, a calibration of the instrumental response was performed by
measuring fluoresence intensity of rhodmine labeled dextran dissolved in phosphate
buffer (pH 7.4) ([rhodamine labeled dextran] =1.2 nM determined from a calibration with
TRITC in aqueous solution) using the gains of 3000 and 4000. The actual gain factor was
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determined to be 18.6. The data shown in Figure A12A were mutiplied by the gain factor
and plotted as shown in Figure A12B. The resulting average value and standard
deviation for RLS and SBRPNP were 3,773±1436 and 69970±26320 counts,
respectively, giving the amplification factor of 19. This amplification factor is markedly
less than the predicted value of 37. Such deviation likely arises from instrumental factors.
For example, the response of the instrument was oberved to be non-linear when
measurements were performed on the calibrant solution using the gain of 1000, 2000,
3000, and 4000 in which the data obtained from gains of 3000 and 4000 falling above
and below the calibration line (calibration curve not shown), respectively, suggesting that
fluorescence images acquired using the gain of 3000 will always be more intense. Thus,
the amplification factor based on the intensity ratio of the two gains is less than the
predicted value.

A3.4

Conclusion
A nanoparticle doped with fluorophores was shown to be brighter than a

fluorophore labeled molecule measured under the same conditions with an amplification
factor of 19, based on a calibration with 1.2 nM TRITC labeled dextran. This concept has
also been demonstrated by Santra et al.282, 283 Doping nanoparticles with rhodamine
labeled protamine molecule with 16-20 (+) charges reduced leaching of the fluorophore,
possibly due to the electrostatic interactions between the positively charged fluorophore
and the inner wall of the silica nanoparticle and/or the size of the labeled protein. Silica
nanoparticles as a fluorescent tag tend to adsorb nonspecifically to the surface of
substrates, whereas lipid coated nanoparticles do not.277 Here, coating the nanoparticle
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Figure A12. Guassian-fitted pixel intensity vs. cross section of rodamine labeled
streptavidin (dashed line) and nanoparticle containing rhodamine-protamine and coated
with poly(bis-SorbPC) into which biotin-PE was inserted (solid line). The data were
obtained from specific binding of streptavidin molecules to DOPC:biotin-PE (9:1) and
nanoparticles to streptavin coated, DOPC-biotin-PE bilayer. Data were obtained with the
intrumental gain set at 4000 and 3000 for the single molecule and nanoparticle detection,
respectively (A). The intensity data shown in A were gain-corrected (B) using a 1.2-nM
rhodamine labeled dextran (MW = 10,000) as a calibrant solution.
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with bis-SorbPC with subsequent insertion of biotin lipid allows the probe to be used as a
fluorescent tag for the detection of low number density receptors.
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