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Abstract

Fluorescence techniques are very useful for ura®igig the various processes in
biological science. This thesis presents the agiptins of several fluorescence techniques
for studying the mobility of proteins and fluoresce dyes inside the living cells and in
the silica hydrogel materials.

Chapter 1 gives a brief introduction of variousoflescence techniques, including
fluorescence polarization and anisotropy, fluoreseerecovery after photobleaching,
fluorescence modulation, etc. In addition, the dgsinciple of fluorescence microscopy
is covered.

Chapter 2 talks about the setup of the home-builtréscence microscope as well as
the polarization alignment that were applied irs tiiesis.

In Chapter 3, the behavior of various entrappedsgumeolecules within a silica
hydrogel was investigated and the effects of Cobiominteractions and physical
confinement on molecular mobility were evaluatemgg$luorescence techniques.

In Chapter 4, the motion &. Coli inner membrane protein TonB was studied using
fluorescence anisotropy in order to understand ®mBechanism in facilitating iron
transport irE. Coli.

In Chapter 5, the effects of the submicroscopidioement exerted by the liposomes
in the hydrogel on the mobility of entrapped molesuvere examined using fluorescence

polarization modulation and fluorescence anisotropy

Xiii



Chapter 1: Introduction

In this chapter, a brief overview about the fundatakprinciples and the applications
of the fluorescence techniques is presented agb@aakd to our projects. Focus will be on
fluorescence polarization and anisotropy, polaigzatmodulation, and fluorescence
recovery after photobleaching, which were usecharesearch projects. Since most of
these fluorescence measurements (either singlecoieleor ensemble measurements)
were performed by a fluorescence microscope, thacbprinciple of fluorescence
microscopy is also covered. In addition, the rededocuses of the three projects are

summarized.

1.1 Fluorescence techniques for mobility study

Understanding thelynamics of biological molecules, such as proteDNAs, and
RNAs, is very important because functions of thesdecules depend on not only their
structures but also their dynamics. For instarteejriner membrane protein TonB, which
is studied in this thesis, is believed to faciétaton transport in bacteria. To fulfill its
function, it is believed to undergo a series offoamational changésor even constant
surveying motion’s Mobility is also important for biological moleculesudied in vitro.
For instance, as used in silica sol-gel based biposites, biomolecules are trapped
inside the gel network where motions are restricteds very important to ensure that

inside the confined structure, macromolecules bleta maintain some kind of molecular



flexibility as a requirement for their functions.

Fluorescence techniques are now widely used in warand biological science.
Fluorescence detection is highly sensitive, and &lasost completely replaced the
radioactive tracer methods in biochemical measumnesnand in medical research.
Fluorescence techniques have extremely high resojuivhich allows local observation
of complex biological processes. Several fluoreseenethods are available for the study
of the dynamics of macromolecules in real time,hsas fluorescence correlation
spectroscopy (FC3J, fluorescence resonance energy transfer (FRETuorescence
polarization and anisotropy (FP/ER) fluorescence recovery after photobleaching
(FRAP)>* to name just a few.

FCS measures the fluorescence intensity fluctustida obtain quantitative
information such as diffusion coefficients, hydradynic radii, average concentrations,
and so on. FRET monitors distance changes betwaenfltiorophores and tracks
molecular motions between two dye-labeled sitesaanacromolecule. FP/FA methods
make use of fluorescence polarization to trackahentation and rotational diffusion of
molecules. FRAP allows one to obtain the transtatialiffusion information of molecules
and the molecular environment by deliberately phlgaching the molecules and
observing their fluorescence recovery.

The extremely high sensitivity and resolution afditescence measurements even
allows the observation of dynamics down to a simgt#ecule level. Compared to bulk

measurements, where only average characteristies naasured, single molecule



measurements can distinguish the individual bemaviBingle molecule fluorescence
spectroscopy allows one to probe local heteroggmeitl obtain distribution information,

making it a very useful tool for understanding Heterogeneous chemical and biological
properties of complex systems. While most singléecude measurements are performed
by immobilizing the fluorophores (or the fluoropkdabelled molecules) on a surface or
inside a gel matrix, they can be used for real-tohservation of intracellular molecules

with slight diffusions such as conformational ches@f proteins and binding dynamics

between proteins and DNAS'®

1.2 Fluorescence polarization/anisotropy (FP/FA)

FP/FA measurements are based on the principle atopblective excitation of the
fluorophores by polarized light. Each fluorophom@sha transition dipole momenti §.
Both the absorption and emission photons are pedriand oriented along the
instantaneous direction of the transition dipolemaat (i(t) ). When linearly polarized
light shines on molecules with random orientatioimse molecules with theid(t)
aligned mostly along the electric fieIcE() are selectively excited. Emission from the
fluorophores also occurs alott) . Fixed molecules, when excited, will stay aligned
parallel with E during the process of emission, and as a resuliethission will be

polarized alond,f. Molecules undergoing free Brownian motions waihdomize the

initial dipole orientation, resulting in a depolsed emissionThe degree of polarization in

the emission is defined by two terms, polariza{iBnand anisotropyj, expressed below



as,

I, +2l
where |, is the emission intensity along the excitationapahtion and| is the
emission intensity perpendicular to the excitapotarization. Blarization and anisotropy
express the same information content and are mdegeable. They differ only in
normalization. While polarization was used moreofin earlier publications, anisotropy
is now preferred because it is normalized by thal intensity(l, +21,).

When a population of randomly oriented moleculed tho not rotate (for example, in
a solution with very high viscosity) is excited,etlemission will be predominantly
polarized along the excitation polarization, whgikies the maximun® value at +0.5 or
maximumr at +0.4. For molecules in solution, however, asoderable amount of
rotational diffusion during the excited state lifie¢ results in the depolarization of the
emission (-0.33 € < +0.5 and -0.20 ¥ < +0.4). The negative values of polarization and
anisotropy are not very common and are possiblgwhen the perpendicular intensity is
larger than the parallel intensity, which can happéen the angle of the absorption and
emission of the fluorophore is larger than 54.7rdeg

In 1920, scientists found that the degree of prédion is related to the molecular size,
viscosity of the medium, and temperature. Consdderll these, they realized that

polarization is related to the mobility of the etinijj substances. It was found that



polarization decreases as their mobility increaSaseral years latefrancis Perrin
related polarization to both the excited statetilife and the rotational diffusion of a

fluorophore and developed what is now called theifPequatior’,

Where r, is the maximum fluorescence anisotropyis the rotational correlation time
(which describes how fast a molecule rotatas)is the fluorescence lifetime, am is
the rotational diffusion coefficient; is related to viscosityrf), temperatureT), and the
volume of the rotational uni®j, as expressed by the following equation for sighér

molecules,
nv
t =—4—
RT
whereR is the gas constant. As seen from the equatiayerianolecules will have a longer
correlation time than small molecules. Fluoresceaogsotropy can be seen as a
competition between the molecular rotation and fhmrescence lifetime of the
fluorophore as shown in the Perrin equation. Ifftherescence lifetime of the fluorophore
is much longer than the rotational correlation tifigorescence anisotropy will be small.
If the fluorescence lifetime is much shorter thdre trotational correlation time,
fluorescence anisotropy will be large.
The relationship between observed anisotropy awedrttiational mobility of the

fluorophore thus makes fluorescence anisotropy usgful for many biological science



and diagnostic fields. FP/FA is used to extractgatat properties such as the size, shape,
and rotational dynamics of macromolecules, which #@ren used to understand the
chemical and biological properties. Fluorescendarpmation measurements were used to
observe protein-ligand binding and measure theibindonstant§*®*° The applications
are based on the following: when a fluorescenniig@usually small fluorescent molecules)
binds to a protein, its fluorescence polarizatioigatropy will increase accordingly to
reflect the slower rotation of the ligand—proteanplex relative to the free ligand. Using
polarization or anisotropy data, one can calcullagefraction of the ligand bouna)(at
any protein concentration and then calculate thesadiation constant’. The same
principle was extended to study substrate-préieiprotein-protein, and protein-DNA
interactiond’. The first instrument designed specifically forinidal chemistry
applications of fluorescence polarization was dbsdrby Spencer et?l Afterwards, FP
was applied for the immunoassays of numerous sutesasuch as druids’, antibiotic$®,
fungal toxing*, and so on. For example, for the fluorescencerizaléon immunoassay
(FPIA) of a toxin (from the sample), the toxin {moknown standard solution) is first
covalently linked to a fluorophore to make a fligwent tracer. The tracer will compete
with the toxin from the sample to react with a b@d amount of toxin-specific antibody.
The sample was added with the antibody and thetréicer. When the sample does not
contain the toxin, the antibody binds the tracestricting its motion and causing a high
polarization. When the sample contains the toxawer tracers are bound to the antibody

and a greater fraction exists unbound in solutiwhere it has a lower polarization.



Different from other immunoassay methods, suchhasnhost popular enzyme-linked
immunosorbent assay (ELISA), FPIA does not reqthe separation of the free and

bound tracer.

1.3 Polarization modulation

Similar to fluorescence polarization/anisotropylgo@ation modulation uses linearly
polarized light to excite the fluorophores. Thdeafiénce is, instead of a fixed polarization,
polarization modulation uses a modulated polarepagtation by adding a half-wave plate
in the polarized excitation light pathway. The p@ation direction of the excitation light
is modulated from 0 to 180 degrees by the half-walate. For a single molecule, the
intensity of the emission signal(t) is proportional to the absorption, that is,
1(t) O |G EE(t)|20r to cos(6) %°, where U is the molecular transition dipole momeri,
is the electric field of the excitation light, afds the angle between andE .

Polarization modulation is able to probe both stairientations and rotational
mobilities of single molecules through the analysfishe modulation depth and ph&se
When excited by modulated polarized light, a fiXerophore obtains the maximum
absorption when the polarization of the excitatimram is parallel with the transition
dipole of the fluorophore and obtains the minimubsaption when the polarization is
orthogonal to the transition dipole of the fluoropé. For a freely rotational fluorophore,
the fast rotation of the transition dipole randossizhe absorption orientation, thus

eliminating the modulation. The modulation depththe# emission curve of an immobile



fluorophore is thus larger than that of a mobilefbphore; therefore modulation depth is
a measure of the mobility of the molecules. Thespha modulated fluorescence can also
distinguish the different mobilities. Similar to lpgzation/anisotropy measurements, the
fluorescence intensity of the fluorophore is sefmmranto parallel and perpendicular
components, namelyl,, andl ;. |, and | are fit tol(t)= Acos’(a-@+C, wherel(t)

is the fluorescence intensity for either the patadk the perpendicular componemsis
the amplitude of the cosine square cumvés the polarization anglepis the phase shift,
andC is the background. For an immobilized single molecthe |, and the | jcurves
are on phase. For a tumbling single molecule, tleeaed0 degree phase shift between the
|, and the | jcurves. For an intermediate molecule, the phageistietween 0 and 90
degrees. The modulation phase shifts of ensemblecumles are quite different from that
of single molecules, as will be discussed in tiggaet.

Polarization modulation was used to observe theaohyos of single dye molecules
absorbed on a glass surfac®>! Guttler et al used polarization modulation todgtthe
orientations of the transition dipole moments ofgi pentacene molecules located in
p-terpheny!®. Xie et al modulated the polarization of the eatimn light between the x
and y directions, and ruled out the possibilityndlecular reorientation as the origin of
the sudden emission jumps happening in single dylecules of sulforhodamine 101 that
are bound to DNA. Ha et al modulated the excitation polarizatiomtzmiously to
observe and distinguish the origin of the abrumtpphysical events of single Texas red

and tetramethylrhodamine molecdfesingle molecule polarization modulation was used



to characterize the dynamics of protein-proteierattions involved in calcium signaling
in the biological system. The modulation depth goidhse shift of the fluorescence

trajectories were determined to measure the otiena mobility of the moleculé4

1.4 Fluorescence recovery after photobleaching (FRA

Compared to other fluorescence techniques, FRABingle in both theory and
practice. When a small spot of a sample contaimmapile fluorescent molecules is
exposed to a brief, intense laser excitation, miéscin that region are subjected to
irreversible photobleaching, causing a sharp dserem fluorescence intensity.
Subsequent recovery of fluorescence is observed Wielaser beam is attenuated back
to a lower level. Recovery of fluorescence occure tb the translational diffusion of
unbleached fluorophores into the bleached spot father areas of the sample. The
translational diffusion coefficient can be deteredrby measuring the rate of fluorescence
recovery. FRAP can also be used to identify thieedght transport processes through the
shape of the recovery curves, whiefiects underlying biological processés

FRAP was developed in the 1970s; now with the adeeGFP fusion technology, it
is widely used to study macromolecular dynamicsiaogical cell®. Sprague et al used
FRAP to investigate binding interactions in livell§®. Using FRAP, Tripathi et al
observed the differential dynamics of the splicfagtor SC35 during the cell cyéfe
Dundret al used FRAP to study the dynamics of the reoent of RNA pol | components

toendogenous ribosomal gefied ever et al observed histone H1-chromatin intivas



in human living cells by fusing GFP to H1 and moriiig H1 movement by FRAP

1.5 Fluorescence microscopy

Fluorescence microscopes require the followingdesmponents, an excitation light
source, an excitation filter, a dichroic mirror thaflects light shorter than a certain
wavelength (the excitation light) and transmitshtigonger than that wavelength (the
emission light), an objective, an emission fileand a detector.

Most florescence microscopes are epifluorescenceostgopes, that is, the objective
lens is used twice, both to illuminate and to im#ge sample. This gives an improved
signal to noise ratio because most excitation liglitansmitted through the sample, only
reflected excitation light reaches the objectivgetber with the emitted light.

Confocal fluorescence microscopy (CFis an advanced optical technique designed
to obtain higher-quality images with better resiolutcompared to the conventional
wide-field microscopedhe two key features in CFM are point illuminatemd the use of
a pinhole at the conjugated plane situated in fobtite detector. Point illumination avoids
most of the unwanted scattered light from entitemination of a sample, which obscures
the image. The pinhole blocks the signal that tsodfiocus, which otherwise would cause
a background haze in the image. CFM enables ormabt@n serial optical sections by
imaging the sample at a different depth each titeese serial images can then be
re-assembled to form a 3D image of the sample whgital image processing techniques.

Like conventional wide-field microscopes, the drawk of CFM is that the resolution is

10



inherently limited by diffraction. The size of tiAéry disk on the image is determined by
the wavelength of the excitation light and the ntioa aperture of the objective lens. The
best resolution that is achieved by CFM was repaitebe about 200 nif based on the
Rayleigh criterion, which states that two Airy diskiust be separated by at least their radii
in order to be resolved. This diffraction-limitegladial resolution restricts its usefulness in
studying nanometer level structural information cassted with complex biological
samples.

Different from CFM, total internal reflection fluescence microscopy (TIRFM) uses
evanescent waves to illuminate a thin region chmape at the glass surface. When the
excitation light strikes on one side of the glasgace at an angle larger than the critical
angle, and if the refractive index of the otheessllower, all of the light is reflected. The
evanescent wave is generated at the glass-wagsface of the sample, penetrating to a
depth of only roughly 100 nm into the sample, thusviding high axial discrimination.
Similar to CFM, the horizontal resolution of TIRFBIdiffraction-limited to about half of
the wavelength used, which is the characteristiwidé-field microscopy.

Near-field scanning optical microscopy (NSOM), e bther hand, overcomes the
diffraction limit. NSOM offers sub-diffraction rekdion on the order of 50-100 nm,
which is determined by the optical aperture of petad fiber tip. The drawbacks of

NSOM are the significant tip disturbance to the glenand low excitation signal.
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1.6 Research focus

This thesis is focused on investigating the maobiit molecules in a silica hydrogel
matrix and in living cells using fluorescence teidues. Three projects are included. The
first project investigated the balance between Qwbic interactions and physical
confinement within silica hydrogel encapsulatiomeTsecond project was focused on
studying the mobility and activity of a membranetpin TonB in living bacteria cells. On
the third project, the focus was to examine how ghpatial restriction exerted by the

liposomes might affect the mobility of the entragypeolecules.

1.6.1 Balance between Coulombic interactions and gphical confinement inside silica

hydrogel

Controlling the mobility of entrapped molecules hiit sol-gel derived materials is
very important because many applications requineesmolecular flexibility to maintain
their functions. Among the various guest-host ext&ons, Coulombic interactions and
physical confinement are two important forces diotp the mobility of entrapped
molecules inside silica sol-gel materials. In tpi®ject we examined the behavior of
various entrapped guest molecules within a siligdrdgel and evaluated the effects of
Coulombic interactions and physical confinement orlecular mobility using
fluorescence techniques. The cationic R6G and anieln dyes were used as molecular

probes in view of their similar molecular structsis® that any difference in their behavior
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could be confidently attributed to their oppositeolecular charges. The green
fluorescence protein (GFP) was used to examinestieet of molecular templating on
mobility. Single molecule spectroscopy imaging arildiorescence polarization
measurements were used to reveal the informationtabe rotational mobility of single
molecules whereas fluorescence recovery after pleiohing enabled us to look into the
translational diffusion of molecules. Steady-sfaterescence anisotropy of R6G and FL
in hydrogel under various conditions were monitaaad compared in order to understand
the encapsulation mechanism of the guest moledrksults of these experiments provide
a better understanding of guest-host interactiansilica hydrogel and suggest possible
future applications based on our findings, i.e.rémlsion between FL and silica could be
used to monitor the change in viscosity and physommfinement during hydrogel

formation.

1.6.2 TonB’s motions in the gram negative bacterig. Coli

It is believed that the cytoplasmic membrane prot€&onB is required for the
transduction of energy from the inner membranenéoduter membrane receptor for the
transport of iron-siderophore complex, but pregidew it interacts with the receptors
and how it transports energy across the periplaspace remains an unsolved question.
To understand the mechanism of TonB’ functionsessvtheories have been postulated.
One of the prevailing models suggests that TonBanesnanchored to the cytoplasmic

membrane and undergoes constant motions to faeilgaergy transduction for iron
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transpor.

In an effort to understand the TonB function, wedidluorescence anisotropy to
monitor the motions of TonB in living. Coli cells. The GFP-TonB hybrid protein was
expressed in the wild typE. Coli strain BN1071. It was constructed by genetically
engineering GFP to the N-terminus of TonB. The GBRB protein was found to
maintain TonB’s function and GFP’s fluorescencee Thobility of the bacteria inner
membrane protein TonB in single living cells wasdstd based on observing changes in
the anisotropy of GFP using fluorescence anisotrdpg mobility of GFP expressed in
different locations in the bacteria cells as wellthe motion of the fluorescent label
fluorescein maleimide (FM) bound to the outer mesmierprotein FepA are compared to
demonstrate the validity of our methodology. Thekwvas then focused on monitoring
the rotational change of GFP-TonB at different ¢tois, such as adding different energy
inhibitors to stop its energy source and addingittie-enterobactin complex to motivate
iron transport. The findings of this project wowdntribute an important step to the full

understanding of the bacteria membrane protein TioriBcilitating iron transport.

1.6.3 Molecular Mobility under submicroscopic lipo®mal confinement inside the

hydrogel matrix

Previously, a liposome-based bioencapsulation pobtevas developed in our b
which produced active silica sol-gel biocomposites.the protocol, enzymes were

encapsulated inside the liposomes (200 nm in derpewhich were then trapped in a
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hydrogel. The liposomes served as a protectiveirgpdd prevent the enzymes from
interacting with the active silane reagent. Mearmsvtiie liposomes templated the pore
sizes of the hydrogel and thus eliminated the tatig effect that the proteins may have
when they were directly trapped in the hydrogel.

In this project, we are interested in understandirey effect of the submicroscopic
confinement exerted by the liposomes on the mghilitentrapped molecules. The R6G
and FL serve as the fluorescence probes due todpeosite charge and similar molecular
structure. Fluorescence polarization modulationfaratescence anisotropy were used to
evaluate and measure the mobility of R6G and Rhénliposomes of different sizes (100
nm, 200 nm, and 400 nm in diameter). This studyld/puovide valuable information for

the applications of the liposome-based silica blbgoencapsulation method.
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Chapter 2. Fluorescence Microscope Setup

The fluorescence images and kinetics traces obuannolecules studied in this thesis,
including single dye and protein molecules, lipossymand bacteria cells, were obtained
using a home-built sample scanning microscope ¢@mahfor otherwise, depending on
whether a pinhole is used or not). The instrumsenibdsed on an inverted microscope
(Nikon, TE-200 or TE-300) and a nano-positioningget equipped with position feedback

electronics. The instrumental setup is shown iufg.1.

Sample (
X,Y Nanopositioning
Stage
Optical Fiber e Scan Control O
— = Aperture
Filters

_ ; Polarizing
Filters / Beamsplitter

Art Laser

Figure 2.1 Diagram of a home-built confocal micase
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2.1 The laser source

The light source is an argon-ion laser which presi®14 nm, 488 nm, and 457 nm
continuous excitation wavelengths. Selection okaaitation wavelength is obtained by
dispersing the laser light using a prism and blogkihe undesired wavelengths from

continuing along the beam path using three adjiesegtertures and reflecting mirrors.

2.2 The excitation beam pathway

The laser light with chosen wavelength is passeoutih a quarter-wave plate which
allows us to tune the light to be circularly patad or linearly polarized when necessary.
For single molecule polarization experiments, awarly polarized excitation is used to
guarantee that all molecules with transition dipmlements at different angles have an
equal chance to get excited so that the final praldon distribution was not biased. For
anisotropy ensemble measurements, a linearly gethtight was used so that molecules
with transition dipole moment aligned with the éation polarization were preferentially
excited.

The circularly or linearly polarized light is padsthrough the neutral density filters
which allow us to adjust the power of excitatiayhli to meet the need of different samples.
Afterwards, the laser light is converged into ay@rmode optical fiber by a ¥Qobjective.
The single-mode fiber transfers the light and mdalenserves as a 3.3 um diameter

spatial filter. The laser light coming out of th#ner end of the single-mode fiber is then
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collimated by a 18 objective and directed to an inverted microscopealreflecting
mirror. Inside the microscope, the laser passemitir an interference filter, is reflected
by a dichroic beamsplitter (Chroma Technology), dnthlly is focused onto a
diffraction-limited spot on the sample by a ¥Q@.25 N.A., oil immersion objective
(Nikon, CFI Achroma). The objective tightly focusethe laser beam into a
diffraction-limited spot, so called the Airy diskhe size of the Airy disk on the image
plane depends on the wavelengd) ¢f the excitation light and the numerical apestur
(N.A) of the objective lens. The objective determimesresolutionR) of this microscope

to be about half of the wavelength used, accortbirthe equatich R= 0614/ N.A .

2.3 The nano-positioning sample stage

The sample, usually loaded on a clean cover glags & solution chamber with one
cover glass attached at the bottom, is placed ®@ndho-positioning stage that is mounted
at the focal plane of the microscope objective. Hamo-positioning stage contains
positional feedback electronics (Melles Griot “N&hmck”), which facilitate raster
scanning of an area of 2010 pm? of the sample and allow the molecules to relotate

the objective focal point for fluorescence meas@eis

2.4 The emission beam pathway

Upon excitation, fluorescence from the sample ibected by the same objective,

passes through the dichroic beamsplitter (Chronzhfi@ogy), and is directed out from a
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microscope side port. A 1Q0m pinhole is placed at the first image plane, whschsed to

eliminate the out-of-focus fluorescence. The diigdgluorescence from the pinhole is
then collimated by an achromatic lens, passes g¢fwra notch filter (Kaiser Optical
Systems) and a longpass filter. The notch filteruseed to eliminate residual laser
excitation, and the long-pass filter is used tomalate scattered laser light. For
fluorescence polarization measurements (fluoregcepalarization, anisotropy, and
modulation), the fluorescence is passed througlolariping beamsplitter cube, which
resolves the fluorescence into two orthogonal caomepts, a parallel polarization

component (,, ) and a perpendicular polarization compondnt)(

2.5 The detectors

The two fluorescence polarization components areh eoupled into their own
multiple-mode fibers by achromatic lenses. The lvesbfluorescence signals are then
detected by two avalanche photodiode (APD) detsc(Berkin Elmer, SPCM-AQR).
Upon raster scanning of the sample, each APD daeteabuld produce a fluorescence
image from the same area with the respective fhgaece polarization. The size of each
fluorescence image was maintained apff©x 10 um throughout the entire investigation.
To examine the photophysical properties, one singikecule, liposome, or cell is chosen
from the fluorescence image and relocated to wer imcus by the nano-positioning stage.
The fluorescence trajectory of the molecule, lipnspor cell is then collected by the two

detectors at a 50 ms dwell time upon continuousr lascitation.
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2.6 The computer program

Both the nano-positioning electronics and APD detesignals are controlled through

a LabVIEW software installed in the computer.

2.7 Polarization alignment

For bulk anisotropy measurement of single liposoaras single cells, in addition to
the use of a quarter-wave plate, a half-wave plate placed into the excitation pathway,
at the second end of the single-mode optical fdftar the achromatic lens. A simplified
instrument set-up for anisotropy measurementsas/glin Figure 2.2. The quarter-wave
plate was used to correct for birefringence causedarious optical components and
ensure that a linear excitation polarization watsioled. The half-wave plate was used to
align the direction of the excitation polarizatiom the detectors so that one detector
recorded the fluorescence component parallel téaer excitation and the other detector
recorded the fluorescence component perpendicultietiaser excitation.

Polarization alignment included two steps. Thetfstep was to obtain a linearly
polarized excitation light. After the laser powdrthe nanostage was measured and
recorded, a polarizer was temporarily insertedhat position of the half-wave plate
(position 5, as shown in the diagram). Both theappér and the quarter-wave plate were
rotated until the maximum power was obtained at polarizer angle and the minimum

power was obtained by rotating the polarizer 90releg)from the previous one.
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Figure 2.2 Confocal fluorescence polarization nscope setup.
1. Ar ion laser; 2. Quarter-wave plate; 3. Neuttahsity filters; 4. Single-mode optical
fiber; 5. Half-wave plate; 6. Nano-positioning sdengtage; 7. Dichroic mirror; 8. Pinhole;
9. Reflection mirror; 10. Monitor; 11. polarizingédmsplitter; 12. APD detector; 13. APD

detector.

The second step was to adjust the direction optiarized excitation. The polarizer
was removed and a half-wave plate was placed ataime place as that of the polarizer
(position 5, as shown in the diagram). Before a@jgshe half-wave plate, a cover glass
coated with a FL alcogel thin film was placed oe gample stage. According to the
literature, FL in the alcogel thin film is mostigjnmobilized. When the linearly polarized
light shines on the immobilized FL molecules, males with the transition dipole
moment parallel to the electric field of the extda light are preferentially excited,

leading to largel , intensityand small | ; intensity. We adjusted the half-wave plate
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angle to align the direction of the excitation pation so that one detector collects
and the other collecls,. The half-wave plate angle was rotated from O degyte 90
degrees at an interval of 5 degrees. The fluorescamensity modulation curve as a
function of half-wave plate angle for both detestasas plotted. The half-wave plate was
set at the angle that one detector was at the nieimtensity and the other was at the
minimum intensity.

For example, in one of our many alignments, thertguavave plate was set at 115
degrees to obtain a linearly polarized excitatioime half-wave plate was rotated from 130
to 230 degrees. And the fluorescence modulatioveciar both detectors (Figure 2.3A) and
the D2/D1 intensity ratio modulation curve (Fig2e8B) showed that at 145 degrees
Detector 2 had the maximum signal while Detecttyad the minimum, and vice versa at
190 degrees. The quarter-wave plate was set adégtees, which meant that D2 was

assigned to the parallel compondp) @nd D1 to the perpendicular componeh)(
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Chapter 3: Balance between Coulombic Interactions and

Physical Confinement in Silica Hydrogel Encapsulati on

3.1 Introduction

The sol-gel process is a wet chemical techniqué suiled for the encapsulation of a
variety of molecules. The silica sol-gel proces$ is usually performed at room
temperature using silica alkoxides, such as tettiayheorthosilicate (TMOS) and
tetraethyl orthosilicate (TEOS), as the precursatemals. Two reactions can be used to
summarize this process, as shown in Scheme 34t, Kirthe presence of water, silicon
alkoxide is hydrolyzed into silanol. This step sually catalyzed by an acid (HCI) or a
base (NaOH). Second, the silanol undergoes polyawation with one another randomly,

forming a porous, three-dimensional sol-gel framewad polymeric silicon oxides.

Scheme 3.1. Sol-gel Process

hydrolysis
Si(OR), + 4H,0 ——>

poly-
. __condensation__ _
=Si~-OH + OH'SiI= ——» =Si-0-Si= + H,0

Si(OH)y, + 4ROH

The silica sol-gel is called “alcogel” or “hydrogehccording to the preparation
solvent used A silica alcogel is formed when alcohol is usecta-solvent and there is a
high percentage of alcohol in the sol-gel wheresiaa hydrogel is formed when water is

used as solvent and there is a high percentagatef m the sol-gel.
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Sol-gel process has many advantages such as sigmdbev temperature, low cost,
and versatility. Its product, the sol-gel netwalso has many advantages, for instance, (i)
the porous nature allows the trapping of many guoesecules, inorganic, organic, and
biological, into the matrix; (ii) the entrapped gtienolecules can retain their functional
characteristics to a large extent inside the mafiiy it also allows small-molecule
reagents to diffuse through and interact with thes molecules while they are physically
trapped inside the matrix; (iv) the transparencythef matrix enables us to use optical
spectroscopic methods to investigate the physiwdichemical properties of the entrapped
components.

The incorporation of biomolecules into porous siliglass has become an active
research area with most interest in biosensorslolevent®*. Sol-gel networks are ideal
candidates as hosts for biological molecules begausaddition to those advantages
mentioned above, they are synthesized at room teyes and under fairly mild
reaction conditions; and the pores of water-filgegls provide an aqueous environment
necessary for biological molecules to functionwéts reported that biological molecules
trapped inside are able to retain their activitd aan even be protected from degradation
and thermal denaturatich To date, biological molecules including enzymas ather
proteins”*?*° antibodies'®, DNA'"*® and whole cellS?° have been encapsulated and
studied.

For sol-gel encapsulation applications, the guesthnteractions (interactions

between entrapped molecules and the sol-gel) aportamt issues that need to be
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considered in examining the performance of entrdppelecules. Electrostatic interaction
is one of the most important guest-host interastion molecules’ adsorption on the silica
surface. Under physiological conditions, the silktaface (isoelectric poingl = 2.0) is
negatively charged, which attract positively-chargenall organic dyes like R6G and
large biomolecules through electrostatic interactid/hile allowing adsorption of guest
molecules onto the surface, electrostatic intepastiat the same time affect the mobility
of the entrapped molecules. Physical confinememby@ imposed by the silica sol-gel
structure onto entrapped molecules, can alter enéireed molecule’s behavior. Not only
can it restrict the motion of a guest molecule algebut also it can modify the dynamic
and thermodynamic properties of the confined fftlitf thereby to control the structure,
function, and dynamics of the guest molecule. Dégam the other hand, can impose a
“molecular templating” effect onto the sol-gel netk, directing the pore formation
during gelation of the silica s6f. The sol-gel network therefore carries the stmadtu
characteristics of the entrapped molecules, whachle used to create artificial receptors
for molecular recognition (a technique called malac imprinting). In addition to these
major forces, shorter range interactions such @®kting, hydrophobic interaction, and
van der Waals force, might also affect dopants’ititgbObviously, the different behavior
of guest molecules inside the sol-gel matrix depeon a balance of all the forces they
encounter.

Though the importance of guest-host interactions lxen realized, not much is

known about how they influence the physical andndbal properties of encapsulated
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biological molecules. Due to diversities in therapped molecules as well as the sol-gel
matrix, answers to these questions may vary froeapplication to another: what kind of
interactions it may have between the guest and host important they are compared to
each other, how do they balance to contribute th qaehavior, which one dominates
among all these interactions? Once the answershéset questions become clear,
understanding and even controlling the behavidhefdopants will be much easier.

Previous work in our lab was focused on studying #ffects of charge-charge
interactions, hydrogen bonding, and solvation é¢$fean the rotational mobility inside
silica alcogels. The study of a variety of dyes dastrated that none of these control the
mobility of entrapped molecules inside the alcogather, mobility is largely controlled
by the physical confinement imposed by the smditasipores. From other groups’
research, the positive charged dye molecules (R®3¢ demonstrated to exhibit high
fluorescence anisotropy when bound to silica pedit On the other hand, R6G
molecules were also able to diffuse on a humidassiurfac® and on silica film&, which
together suggested that Coulombic interaction ig wsafficient for complete
immobilization of R6GAs for anionic dyes, such as pyranine and fluoliestkey were
reported to display much higher mobility (rotatiand translation) compared to cationic
dyes in a hydrogelindicating that Coulombic interaction may domin#te mobility.
Collectively, these imply that Coulombic interactiand physical confinement could be
leading candidates that control the mobility indide sol-gel network.

In this project, we investigated the leading fadtat controls the molecular mobility
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inside a silica hydrogel using the Cationic R6G antbnic FL. R6G and FL were chosen
in view of their similar molecular structures, $at any difference in their behavior could
be confidently attributed to their opposite molecutharges. Meanwhile, the green
fluorescence protein, GFP, was used to examinesffieet of molecular templating on
mobility. The hydrogel with much larger pore sizedarich in agueous solution was
constructed in favor of biomolecules encapsulatitetramethyl orthosilicate (TMOS)
was used as the hydrogel precursor. Called biog®OS hydrogel is more
environmentally compatible with biomolecules as ligproduct, methanol, has less
denaturing activity on the entrapped biological etpithan the by-product of TEOS,
ethanof.

For macromolecules like proteins, it is very pbksithat even the large pores in a
hydrogel may not be big enough to completely elatermolecular templating, which may
cause a negative effect on the activity of a sillmased biocomposite material.
Fluorescence anisotropy studies on dye-labeledeim®treveal that the encapsulated
protein (bovine and human serum albumin) can retaiansiderable amount of rotational
mobility in a hydrogel, implying that these proteiare not severely constrained inside a
hydrogef’. However, the rotational freedom associated withdovalent linkage between
the dye and the protein makes these measuremssatsdaclusive.

The auto-fluorescent green fluorescent protein (G&Rn ideal probe for examining
the mobility of an encapsulated protein. The flydrore of GFP is permanently locked

into a fixed orientation with respect to the proteiself. As a result, fluorescence
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anisotropy measurements on GFP should eliminateiaogrtainty due to rotation about a
single bond and truly reflect the rotational mdgilof the protein. GFP has been found
mostly immobilized in small silica pores in hydrogeith high silica content®?
However, it is not known if the same holds true anhydrogel that constitutes of
substantially bigger silica pores, like the onepsepared.

In this study, the mobility of R6G, FL, and GFP veasnpared using single molecule
spectroscopy. The translational diffusion of FLhiit the hydrogel was monitored by
fluorescence recovery after photobleaching, Hydregeapsulated R6G was subjected to
low pH and high salt conditions and the changéuaréscence anisotropy in R6G and FL
as the hydrogel solidified was compared in ordagaim insight to the placement of R6G

in the hydrogel.

3.2 Experimental
3.2.1 Materials

Sol-gel materials including tetramethyl orthositeea (TMOS) and tetraethyl
orthosilicate (TEOS) and fluorescence dyes inclgdinodamine 6G (R6G) and
fluorescein (FL) were all purchased from Sigma-Addr The green fluorescence protein,
rEGFP, was purchased from BD Biosciences. All ratgyavere used as received.
Microscope cover glasses (Fisher Premium) werehased from Fisher Scientific and
were thoroughly cleaned by consecutive sonicatioa 10% sodium hydroxide solution,

distilled water, acetone, and deionized water fapar each, respectively, before use.
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3.2.2 Hydrogel preparation

A sol solution was firstly prepared by mixing TMOB;0O, and HCI (0.01N) with
volumes of 562.5, 120, and 11.Ab, respectively. To facilitate acid hydrolysis, tkel
solution was sonicated in an ice bath for half anrhTrapping of the dye or protein
molecules was made before polycondensation ofdhsaution. That is, the sol solution
was mixed with 10 mM phosphate buffer (pH 7.0) tt@tained the dyes or the protein
encapsulates to facilitate the formation of a g#Wwork. The volume ratio of the sol to the
buffer was 1:10. Formation of the hydrogel occunngtthin half an hour.

A sandwich-structure hydrogel thin film sample waade by first stacking two cover
glasses together using double-sided tape as ardpdoem a thin solution chamber. Then
a 40 pL sol solution was added to a 4@ 10 mM phosphate buffer (pH 7.0) that
contained either the dye or the protein encapsuldf®L of the sample mixture was then
transferred and spread inside the chamber. Themgpehthe solution chamber was then
sealed to prevent the rapid drying of hydrogelraffelation. The sandwich-structured
sample was then aged for 12 hours before use.

To prepare a hydrogel monolith, 11§00 sample mixture was added to a plastic cuvette

(2.5 mL), and the cuvette was sealed for gelation.

3.2.3 Single molecule polarization

We used fluorescence polarization to study singte dnd protein molecules to

compare their mobility inside the silica hydrogehtnx. Single GFP and FL molecules
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were studied using 488 nm laser excitation whil&sR@as studied using 514 nm laser
excitation. The circularly polarized excitationHigivas used such that all molecules have
an equal opportunity to be excited regardless efdhentation of their transition dipole
moments. Time dependent polarization of a singléeouwbe was calculated according to
Eg. 3.1

I|| (t)_G[ID(t)
Ly () +GO}(t)

P(t) = (3.1)

whereP(t) is time-dependent anisotropy, adandly are the fluorescence intensity that
are parallel with and perpendicular to the exatatpolarization, respectivelys is a
correction factor used to correct for bias betwkeandl; due to variances in detectors’
alignment and sensitivity as well as optical biregjence. TheG factor was daily
calculated using free dye solution by forcing tiverage anisotropic valueP() of the
isotropic dye solution to be zero.

To compare the mobility of molecules, tHe of each molecule was calculated,

together with its standard deviatien A molecule was classified as ‘tumbling’ when the

P of this molecule fell within the range of the stardi deviation of the isotropic dye
solution &0iso ). A molecule with its P gutside the range afo iso Was classified as
‘fixed’. A third kind of molecule belongs to thosehose time-dependent polarizations
vary dramatically and therefore have a kig Such molecules were classified as
‘intermediate’, since their behavior was betweeamibling” and “fixed”. Because our

classification scheme could not differentiate aliling molecule from a fixed molecule
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that lies 45 degrees between the parallel and pdipdar axes, the number of tumbling

molecules reported using this method should berdegleas an upper limit.
3.2.4 Fluorescence recovery after photobleaching RAP)

FRAP of FL in hydrogel was performed using the ooaf microscope as mentioned
in chapter 2. A spot on the sample was chosen asdwoved to the laser focus. A probe
laser light was used to obtain stable, initial fesrence intensity first. The laser power
was then increased by 10,000 fold to photobleach rtiolecules for 10 seconds.
Immediately after photobleaching, the power wasebsed back to the probe level again
to begin monitoring the recovery of fluorescence du diffusion of FL from adjacent
areas into the bleached region. The fluorescenoeettrately after photobleaching would
drop to its lowest intensityFg). The experiment was stopped when the fluorescence
recovery reached a platedtt.). The procedure was repeated 5 times to obtainA-Bata
at other areas. For comparison, FRAP of FL in gmiuivas also studied. The FRAP data

(fluorescence intensitys.time) were fit using the following equation,
I(t) = Ad-exp(kt)) + A (L-expkat)) +C 2B

wherel(t) is the fluorescence intensitg, and k are the recovery rate constam{sandA;
together are the difference between the final platatensity and the initial intensity after
photobleachingK.. - Fo). Separately\; andA; are the portions that contributekoand l,

respectivelyC is Fo.

3.2.5 Steady-state fluorescence anisotropy
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Bulk fluorescence anisotropy measurements wereopeed using a Shimadzu
RF-3101PC fluorometer in order to study the mopilit dyes entrapped inside hydrogel
monoliths. Spectra were recordedlat= 488 nm for FL and GFP antdy = 514 nm for
R6G. To determine steady-state fluorescence an@p#e, = 509 nm, 513 nm, and 551
nm were used for GFP, FL, and R6G, respectivelflddrescence anisotropy values were
calculated based on the following equations,

r=(lw =Gl )1y +261,,,) (33)

G =1/l (3.4)

wherer is the anisotropy, an@ is a correction factor used to correct any poddian bias
in the fluorometerl\, vy Inn, andlyy are the fluorescence intensities measured with
different polarized excitation and emission scherik@s examplelyyis the fluorescence
intensity with vertically polarized excitation amdrtically polarized emission wherelgs
is the fluorescence intensity with vertically patad excitation and horizontally polarized
emission.

The R6G anisotropy as a function of the pH of thieas hydrogel monolith was
investigated over a 3-month period. To change tiditg of the hydrogel matrix, a
100-300uL aliquot of HCI solution at pH 2.0 was added totihye of a R6G-encapsulated
hydrogel monolith and allowed to equilibrate forledst one week before the anisotropy
was measured again. The pH of the monolith was tisted by measuring the pH of the
solution on top of it. During the 3-month periotletpH of the hydrogel monolith was

gradually brought down from 7.0 to 3.5. In a sefmta@xperiment, NaCl was introduced
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to the hydrogel in an attempt to weaken the Couloratiraction between R6G and the
hydrogel. A 300uL aliquot of 1M NaCl was added to the top of a R6G-encapsulated
hydrogel monolith and allowed to equilibrate folotweeks before the anisotropy of R6G
was measured again.

To investigate the time evolution of fluorescencesatropy of FL and R6G during
hydrogel formation, 10QlL liquid TMOS sol and 1 mL buffer solution contaigi 10°M
dye was added to a 1.5 mL cuvette. Before the @rpets, aG factor was first measured
by recording thdyy andlyy from a 10° M R6G solution. Monitoring the fluorescence
intensity in real time was started 15 seconds dfterdye-containing buffer was mixed
with the TMOS sol and lasted for approximately 3@utes. The fluorescence anisotropy
evolution as a function of time was plotted. Théadaas fit according to the following
equation,

r(t)= AexH-k.sd) +C  5)
whereAis the change of anisotropy during the gelatiorcess from 15 seconds to 30

minutes KanisoiS the rate of change of anisotropy, &\ the initial anisotropy.
3.3 Results and Discussions

3.3.1 Structure and spectra characteristics of GFFR6G, and FL

As shown in Figure 3.1, R6G and FL are both xarghdyes. They show similar size,
shape, and mass (see Table 3.1). The most difietsgteveen them is the opposite charge

they have, that is, under neutral pH condition, Rf&a = 11) carries a positive charge
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whereas the relatively smaller FL (pd&. = 2.2, pKi2rL= 4.4, pKypL = 6.4) carries at least
two negative chargds The fluorescence spectra of R6G and FL solutisedun this
research show that R6G has the maximum excitatidreanission at 530 nm and 551 nm,
respectively, whereas for FL the maximum excitagod emission are at 493 nm and 514
nm, respectively (see Figure 3.2 and Table 3.1).

GFP is much larger (27 kD and 239 amino acidsjzi&a sompared to R6G and FL. The
structure in Figure 3.1 shows that it has a betastape, with 11 antiparallel beta strands
forming a very compact cylinder. Inside this cykmds an alpha-helix, inside the middle
of which lies the well-protected chromophore, fodi® the cyclization of three amino
acid residues Ser68ehydrdyr66, and Gly67. The cylinder has a diameter @ual30 A
and a length of about 40 A. The fluorescence sp&ftGFP solution used in this research
show that, very similar to FL, GFP has the maximenuitation and emission at 493 nm
and 510 nm (Figure 3.2 and Table 3.1), respectivelyrable 3.1 it also shows that the
isoelectric pointfgl) of GFP is 5.9, which means that under neutratitmm, GFP carries

net negative charge(s), which is also similar tarthis regard.
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Structure and Spectra of R6G, FL, and GFP

Figure 3.1 Structures of R6G (A), FL (B), and GER. (
(Figure of GFP was from RCSB Protein Data Bank GBDF))

lono |

A 500
800 B 160 |
B 400 t
= 300 |
e
|: L L
= 400 200 | 80
200 r oo | 40 r
0 1 : —— 0
400 RO0O go0 400 500 ao0 400 500 a0

Wavelength (nm)
Figure 3.2 Fluorescence excitation and emissiontspef FL (A), R6G (B), and GFP
(C).

Table 3.1 Properties of R6G, FL, and GFP

MW pl/pKa Excitation Emission Em Quantum

(nm) (nm) (cm-1M-1) Yield (%)
GFP 27,000 5.9 493 510 55,060 0.6
R6G 479 11 530 551 114,080 0.95°
FL 332 4.4,6.4 493 514 92,360 0.97*
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3.3.2 Single molecule spectroscopy

R6G, FL, and GFP samples were prepared under ed¢rgbl-gel conditions (in
phosphate buffer at pH7, and sol to buffer ratid@1(v/v), and gelation time of 12 hours,
etc). The samples were then scanned using the baitiezonfocal microscope. Single
molecule fluorescence images, shown in Figure @e®&onstrate that GFP, FL and GFP

experienced different mobility when encapsulatethansilica hydrogel.
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Figure 3.3 Fluorescence images of (A) GFP, (B) R6@, (C) FL- encéps;JI.ate'a ih silica
hydrogels.

R6G. The R6G image (Figure 3.3B) displays easily disakle, distinct fluorescent
spots. The well-defined circular fluorescent spoticate that many R6G molecules were
immobilized in the hydrogel. The non-circular flescent spots in the image are probably
due to photobleaching or blinking of R6G moleculdhe apparent presence of
fluorescence streaks in the image suggest thagthbaing immobilized to a great extent,
some R6G molecules are still quite mobile in thdrbyef®.

R6G molecules have been shown to be mostly imnzahilivhen encapsulated inside
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silica alcogel, but diffuse quite freely with a diffusion coefént of 4.89x 107 cnf/s
within the mesoporous gla$s As demonstrated recently, a thin layer of absbrhater is
known to facilitate R6G diffusion on glass surf#GedNith a more porous silica
framework practically filled with water, the hydrelgemployed in this study is expected to
allow substantial R6G diffusion. Instead, the vasinber of fluorescent spots relative to
the very few number of fluorescence streaks initteege suggests otherwise, indicating
that despite the small molecular size and the naddesolubility of R6G in water, the
majority of R6G was immobilized in the extremelyrpas hydrogel. Strong Coulombic
attraction between cationic dyes and silica surfenee been demonstrated and utilized to
monitor the growth of nanosize silica colloids agrthe sol-gel formation procé8é? In
our case, R6G molecules are also attracted to itlea surface through Coulombic
interactions, which renders them mostly immobilizkespite being trapped inside an
extremely porous hydrogel framework. Most recentiyne-resolved fluorescence
anisotropy measurements on R6G ionically adsorlpedaoious silica substrates implies
that R6G can be rigidly bound to a silica surfaceasmaximum of four hydrogen borids
This will further enhance the efficiency of R6G imilization in our hydrogel, which
favors the observation of stationary fluorescempmssin Figure 3.3B.

FL. The FL image (Figure 3.3C), very different fromatlof R6G, is characterized by a
featureless fluorescent background. Neither flumresspots nor fluorescence streaks are
seen. Any attempt to obtain an image of immobiliegdn the hydrogel by changing FL

concentration only resulted in a corresponding gbkaim the featureless fluorescence
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background. This implies that FL molecules in hyloare too mobile for imaging by
raster scanning. Moreover, the absence of disfinotescence streak implies that FL
diffusion in the hydrogel is considerably fasteariithat of R6G. A recent report put the
diffusion coefficient of FL encapsulated inside -@l&/ aged hydrogel with higher silica
content at 3.9% 107 cnf/s*. For FL in our freshly prepared hydrogel that edms more
than 90% water~3.0 wt% SiQ), diffusion is expected to become even faster.

The completely different diffusion behavior of Eihd R6G depicted in Figure 3.3
suggests that the Stokes-Einstein equation alongoisonger an adequate model to
describe their diffusion in silica hydrogels. ltimdluenced by other factors that clearly go
beyond the physical dimension of FL and R6G. Ateatral pH, we expect that strong
Coulombic attractions of cationic R6G toward negaly charged silica surfaces would
severely impair R6G diffusion inside the hydrogelhereas anionic FL would be
sufficiently repelled from the silica surfaces aedhains relatively mobile in the solvent
phase. FL diffusion would only be weakly hindergdhresopores and channels that make
up the hydrogel. Similar observations have beeorteg from a 3.1 wt% Si©Dsodium
silicate gel where R6G was found to be effectivetynobilized while the anionic
pyranine dye only experienced a modest drop in litgHi In a previous study, we
observed a similar but less dramatic trend in Cabilgneffect on the mobility of Oregon
Green (ORG, a more photostable derivative of Flg BRBG in alcogel thin films, where
the silica framework is much more constricted tkfzat of a hydrogel. Both molecules

were found to be incapable of translational diffursin an alcogel, with ORG displaying
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only a moderate increase in rotational diffusioterathe alcogel was equilibrated with a
neutral pH buffet*>. The observation of a significantly bigger contrérs mobility
between R6G and FL in the present work suggeststhigainfluence of Coulombic
interactions on mobility can be effectively adjubtey controlling the porosity of a silica
sol-gel host, with higher porosity favors biggentdution of Coulombic interactions to
mobility. While it is tempting to apply a similargument to attribute the lack of R6G
mobility to Coulombic attraction alone, howevereth is evidence from subsequent
experiments that physical confinement may also péaysignificant role in the
immobilization of R6G in hydrogel.

Although translational diffusion is prohibitgdmost silica hydrogel encapsulated
R6G molecules, it is still possible to examine theitational mobility by performing
emission polarization measurements on single R6{@aute$®. The mobility of 296 R6G
molecules were classified, and the results are eoaapto those previously obtained from
alcogel encapsulated R6G also shown in Table 1leMhe mobility distributions of R6G
in hydrogel and dry alcogel do not resemble oneterpthere is a striking similarity in
R6G mobility between those measured from hydrogéiaet alcogel. Both silica gels are
dominated by fixed R6G molecules with significarilgs contributions from intermediate
and then tumbling molecules. This similarity imgli¢hat despite the very different
structural architecture between silica alcogel hgdrogel, once the more mobile R6G
molecules (e.g., those loosely adsorbed on thim $ilirface) in a dry alcogel are washed

off by water, the remaining molecules that lefthe wet alcogel are probably residing in
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microenvironments that are similar to those surdig the hydrogel encapsulated R6G
molecules. It is known that physical confinementasponsible for the low rotational
mobility of R6G in alcogel. A similar microenvirorent to the alcogel-encapsulated R6G
would suggest that physical confinement may als@ lsaconsiderable influence on R6G
in a solidified hydrogel. On top of physical cordment, it has also been pointed out
recently that R6G molecules entrapped inside sifiomes of comparable physical
dimension are less capable of free rotations becaludhe formation of multiple hydrogen
bonds with the pore surfafeThe combined effect of physical confinement apdrbgen
bonding may help explain why a dramatic increasehm percentage of fixed R6G
molecules is observed in both hydrogel and wetgdtrelative to that encapsulated in dry

alcogel, regardless of gel architecture.

Table 3.2 Single-molecule mobility distributionsR8G in Silica hydrogel and alcogel

Fix (%) Tumbling (%) Intermediate (%)
hydrogel 7712 4+1 19+2
wet alcogel 693 4+1 27+3
dry alcogel 2313 2+1 753

GFP. Under neutral condition, GFP should carry a negative charge since the
isoelectric point of GFP is at 5.9. The behavioG#iP is therefore expected to be similar
to FL, mobile and is therefore featureless in th@rescence image. Surprisingly, GFP
does not behave like FL, but behaves more like R&&I-defined fluorescence spots

from GFP can be clearly seen in Figure 3.3A, inthicathat GFP molecules are mostly
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immobilized despite the net negative charge. Theooisly lower mobility of GFP than
that of FL can be attributed to molecular templgeffect.

The fluorescence polarization of single molecules yweasured in order to compare
the mobility of GFP and R6G. As summarized in Tebi 250 GFP and 296 R6G single
molecules were classified into three different gatees in terms of rotational mobility:
fixed, tumbling, and intermediate. Although GFP nmich bigger than R6G and is
therefore more affected by molecular templatinge ttmaller %fixed and higher
%tumbling molecules found in GFP suggests that @Bkecules are more mobile than
R6G molecules. The higher mobility of GFP than tb&tR6G can be attributed to
electrostatic repulsion due to the net negativegeh&FP carries. The data also reveals
that close to 2/3 of the GFP molecules examinedhambilized. This again suggests that
the effect of molecular templating in hydrogel isll ssignificant although the gel
framework has been opened up to decreases thes. éffeanwhile, Coulombic attractions
between positively charged regions of GFP and iliea surface may also contribute to

the low mobility of GFP in the hydrogels.

Table 3.3 Single-molecule mobility distribution @FP and R6G in silica hydrogels

Fix (%) Tumbling (%) Intermediate(%)  Total moleesl
GFP 64+3 11+2 25+3 250
R6G 7712 4+1 19+2 296

3.3.3 Fluorescence recovery after photobleaching

FL. Figure 3.4A illustrates two fluorescence transeot FL in the hydrogel after
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photobleaching, revealing two distinct recovery dabrs. The rapid fluorescence
recovery in both transients solidly points to ahhigL translational mobility in the
hydrogel. The failure of a complete recovery bagckits original intensity within the
measurement time in one case, despite the high dtility, is a vivid reminder of the
heterogeneous pore structure inside the hydrogelificomplete recovery could be due to
the photobleaching of irreplaceable FL that waseddied deep inside the silica matrix of
the hydrogel or the photo-depletion of FL insidéig, well-isolated hydrogel domain,
within which are mesopores and channels that age lanough to allow FL diffusion to

fuel a rapid recovery.

— <— photobleaching

Fluorescence Intensity (A.U.)

Fluorescence Intensity (A.U.)

0 20 40 60 80 0 10 20 30 40 50 60
Time (second) Time (second)

Figure 3.4 Fluorescence recovery traces of FL oirtyel after photobleaching.

(A) An example of full (gray) and partial recovesf/fluorescence intensity. (B) The FL
fluorescence recovery traces obtained from sixrs¢péocations inside a silica hydrogel.
The solid curves are obtained from a global fittiaghe recovery traces. For illustration

purposes, all recovery traces are vertically diggdiato remove congestion.

Since the domain is well-isolated from the surrangdydrogel such that infusion of

external FL is either completely excluded or sigaihtly impaired, the dwindling supply
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of FL inside the domain would result in a partialorescence recovery. If however
photobleaching is performed at pore domains whersopores are connected to the vast
hydrogel structure effectively, the continuous duppf FL would make it possible to
achieve 100% recovery within the short experimetita¢ frame. Regardless of the final
percentage recovery, all transients are charaetétiy a fast and a slow recovery rate,
possibly due to FL traveling through the center aedr the surface of silica channels,

respectively.

Table 3.4 Fluorescence recovery rate of FL encap=aiin hydrogel and free FL in water

In hydrogel

AL®) | Ki(sh) | Ar(%) | ko(s) | Kag(s)

46+10 | 0.23+0.01 54+10 0.01+0.01 0.11+0.p1
46+10 | 0.38+0.01 54+10 0.07£0.01 0.21+0.01
40+10 | 0.50+0.01 60+10 0.09+0.01 0.25+0.01
46+10 | 0.42+0.01 54+10 0.07£0.01 0.23+0.01
43+10 | 0.48+0.01 57+10 0.07£0.01 0.24+0.01
40+10 | 0.69+0.01 60+10 0.08+0.01 0.33#0.01

In water
AL(%) | ki(sh) | A (%) ko (s%) | Kag(s?)

52+10 | 0.50+0.01 48+10 0.09+0.01 0.30+0.p1
29+10 | 1.12+0.01 71+10 0.15+0.01 0.43+0.p1
34+10 | 0.74%0.01 66+10 0.14+0.01 0.34+0.01
37+10 | 0.85%0.01 63+10 0.15+0.01 0.41+0.01
2610 | 1.35+0.01 74+10 0.17+0.01 0.48+0.p1
34+10 | 1.23+0.01 66+10 0.15+0.01 0.52+0.p1

Table 3.4 summarizes the recovery rate extractedn fisix FRAP curves fit

individually. A global fitting of the same six cles (Figure 3.4B) yields 0.069' sind
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0.411 & respectively as the slow and fast rate, which estgga six-fold decrease in Fl
diffusion near a silica surface. With 53% contragmiby the slow recovery, this gives an
averaged recovery rate of 0.229is the hydrogel.

When the same FRAP experiment was performed owgaeoas solution of FL near a
glass substrate, recovery rates of 0.12@red 0.714 S were obtained from a global fit of
six recovery curves (Figure 3.5). The faster recpvates for FL in water as opposed to
those in hydrogel indicate that despite constitutitore than 90% water, the hydrogel still
imposes a considerably drag to FL diffusion. Theselto six-fold difference between the
fast and the slow rates here again suggests tlfasidn near the surface of a glass
substrate is responsible for the slower recovets. s major difference between the FL
recovery curves in water and in hydrogel is thatarrthe same probe laser intensity, all
recovery curves in water contain a distinct, grdgludeclining component, which
amounts to a continuous depletion of FL even utisemweak probe laser excitation. On
the other hand, the recovery curves in hydrogeficoa to remain steadily up at the end of
every measurement illustrated in Figure 3.4B. Tradgal decrease in FL fluorescence
intensity in water is attributed to a less photbkaFL. Once hydrogel bound and less
mobile, FL becomes more photostable because ofiiethaxygen diffusion as well as the

freezing of dynamic motions that facilitate photgdation.

48



Fluorescence Intensity (A.U.)

o

10 20 30 40 50
Time (second)

Figure 3.5 Fluorescence recovery traces of FL itewa
The solid curves are the global fitting to the nemy traces collected from six separate
locations. For illustration purposes, all recoveagces are vertically displayed.

Using 6.4x10 cnt s! as the diffusion coefficient of FL in water toat to the fast 0.714
s* recovery rate we record€dthe diffusion coefficient of FL near the glasdbstate
would be ca. 1.2x1dcnf s?, about a factor of five faster than that of R&Ghe slower
R6G diffusion is attributed to a strong electrastattraction between R6G and a silica
surface. Based on the same calculation, the awrdiffeision coefficient of FL in our
hydrogel was found to be ca. 2.1%16nf s*. This is about five times higher than that
obtained from a two-day old hydrogel with a sigrafitly higher silica content and
therefore a much denser framework to slow FL diéin®. The diffusion coefficients of
FL in hydrogel and in water also indicate, accogdim the Stokes-Einstein equation, that
the viscosity in the hydrogel is approximately Bés higher than that in water. Our
estimate is slightly higher than that reported fran3.2 wt% sodium silicate hydrogel

using time-resolved fluorescence anisotropy (TREAasurement on pyranine. In that

report(] viscosity was estimated from its effect on rotagsibrdiffusion using the
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Debye-Stokes-Einstein equation, and was found tméeginally higher in the hydrogel.
Collectively, this suggests that while an anionioljge may experience slightly hindered
rotation in a hydrogel, its translational diffusioan still be considerably impaired by the
hydrogel framework. The discrepancy is attributedtihe very different timescales
associated with TRFA and FRAP measurements. Famstnags like rotational diffusion
appears to be less sensitive to the presenceuwfa@usading silica matrix as long as a guest
molecule is residing in large enough silica ponekere the molecule is unlikely to
encounter a silica surface within sub-nanosecanddcales. On the other hand, when the
relatively slower translational dynamics is consate numerous collisions between a
guest molecule and its surrounding silica matrinldooccur in microsecond timescales
that are typical of molecular diffusion. Conseqiyeritanslational diffusion experiences a
more pronounced surface effect than molecular iostathereby registering a higher

micro-viscosity in the hydrogel.

3.3.4 Steady-state fluorescence anisotropy (r)

Anisotropy of entrapped FL and R6G.The reduction of translational and rotational
diffusion is expected to result in a corresponditgease in fluorescence anisotropy of FL
and R6G. Table 3.5 compares the steady-state #oemee anisotropy values of free and
hydrogel encapsulated FL and R6G. As expected, RgfZters a bigger increase nn
value after encapsulation because of a signifitces® in mobility. On the other hand, the

marginal increase in seen in FL after encapsulation suggests that iflesfoys a high
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degree of freedom in the hydrogel. Both observatiem@ consistent with results obtained
from the fluorescence images and FRAP measurem&irise FL and R6G interact
differently with hydrogel, the change mobserved from FL and R6G here provides a
unique opportunity to examine the gelation processhydrogel from two different
perspectives. Particularly, the lack of attractioetween FL and silica allow FL to
exclusively monitor how viscosity increases as $ileca framework buildups during
gelation. Whereas the strong attraction between Rédsilica is more suitably used to

reveal the grow rate of silica colloids during dgiela*®.

Table 3.5 Steady-state fluorescence anisotropy.@iie R6G

solution hydrogel infusion
FL 0.010£0.001 0.022+0.001 0.02
R6G | 0.008+0.001 0.325+0.0012 0.18

Infusion of FL and R6G after gelation.Also included in Table 3.5 is the anisotropy
values of FL and R6G infused into the hydrogel laiter gelation set in. While FL
remains free to rotate regardless of when and hasvimtroduced into the hydrogel, the
data from R6G suggest the otherwise. The anisotvahye of infused R6G almost drops
by half to 0.18 relative to 0.32 obtained from thastroduced into the hydrogel before
gelation, implying a higher mobility for the infu$dR6G. This indicates that the local
environment of R6G depends strongly on when RG@Gtisduced into a hydrogel. Unlike

FL, R6G is directed toward a more restrictive emwment during the solidification of a
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hydrogel. In view of the possible difference betweeL and R6G, this alternative
placement is most likely related to the oppositargls carried by the two fluorophores.
Evolution of anisotropy during gelation. Figure 3.6 shows thevalues of FL and
R6G as a function of time after adding 10 volumeyd containing buffer to 1 volume of
liqguid TMOS sol. Both dyes exhibit increasimgas gelation proceeded, with R6G

displaying a bigger increase relative to that of FL
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Figure 3.6 Time evolution of fluorescence anisoyropFL (top) and R6G (bottom)

Despite the very different final r values, FL an@iGRproduce comparable gelation rates of
0.025 + 0.004 and 0.012 + 0.00%,srespectively. Although a 2-fold difference betwee
the two rates may imply that the gelation proceaddtbe influenced by the nature of the
encapsulated probe, this explanation is deemedaiylas the concentrations of FL and
R6G used in these measurements were far belowefttia¢ silane precursor used. A more
probable explanation is that oppositely charged afld R6G were encapsulated in
different types of local environment and samplinge tgelation process therein.

Presumably, the faster rate observed in FL indscHtat, immediately after mixing, the
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viscosity of the sol-buffer mixture increases r@pid@he formation of oligosilane at this
early stage of reaction is probably responsibleHerincrease in viscosity. Unfortunately,
FL soon lost the ability to interrogate its localveonment after three minutes as the
increasing physical confinement imposed by the bgerwas eventually out-weighed by
the strong repulsion between FL and silica. As Fisviorced to remain solvated, the
minor mobility decrease due to occasional encoantéroligosilane and larger silica
colloids could only result in a marginal increaseanisotropy. This continues to be the
case through gelation, as the collapsing poredeéntie hydrogel were nowhere near the
dimension that is small enough to physically imgdirmobility.

In the case of R6G, the much bigger increase isoairdpy (0.306+0.011) suggests that
on top of the anticipated higher viscosity, R6G waso drawn to a constricting
environment that eluded FL's detection. The infieeerof this restrictive environment
completely overwhelms the viscosity effect andesithe anisotropy of R6G far beyond
that viscosity alone can account for. In view & thidely adapted nanoparticle metrology
approach, the gradual rise to large anisotropyevaan be readily explained by the
Coulombic attraction of R6G toward rapidly formedigosilane, followed by the
coalescence of oligosilane to secondary/highersquddicles at a slower rate.

Effect of pH. To determine whether R6G in a hydrogel remaingssible to external
stimulants, we tried to exchange encapsulated RBIGk by equilibrating a solidified
hydrogel with a pH 2 HCI solution and monitored tienge in R6G anisotropy value as

the pH of the hydrogel gradually decreased withetilAs shown in Figure 3.7, the

53



anisotropy values of R6G was practically uncharggthe pH of the hydrogel decreased
from 7 to 3. This indicates that even as the clsayea silica surface was neutralized at
low pH, R6G remained immobilized in a hydrogel avak unavailable for exchange with
H*, hence no change in the anisotropy values. Thelslapward trend in anisotropy
value in Figure 3.7 is probably caused by contisubydrogel aging, which further

reduces R6G mobility.
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Figure 3.7 Fluorescence anisotropy values of hyelregcapsulated
R6G as the pH of the hydrogel decreases

Effect of salt. We also equilibrated R6G doped hydrogel with a N&CI solution in
an attempt to weaken Coulombic attraction and R&6& from the hydrogel surface to no
avail. The anisotropy value of R6G remained unckdndespite extended hours of
equilibration.

Collectively, the picture shown in Figure 3.8 dédses the encapsulation mechanism

of R6G in the silica hydrogel. Once a hydrogelasrfed, encapsulated R6G becomes
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inaccessible, an outcome that is made possibleibalyR6G molecules are permanently
embedded inside the silica matrix of a hydrogelriby the early stage of a gelation
process, R6G is attached exclusively onto the serfd oligosilane primary particles.
However, subsequent coalescence between primatclesras well as continuous
polymerization of silanol on primary particles megsily trap those once surface-bound
R6G molecules inside secondary/higher order pegiclThey eventually become
molecular templates deeply embedded inside theasmatrix of a hydrogel, displaying
highly restrained rotational and translational nlibbiThis interpretation is also consistent
to the observation that R6G infused into a hydreg#libits higher mobility compared to

R6G that added before the solidification of hydtoge

Figure 3.8 Encapsulation model of R6G (star) duhpdrogel formation.

55



3.4 Conclusions

Moving from silica alcogel to the more porous hogkl, we found that physical
confinement become less important and Coulombgraations become more dominant
for small molecules like dyes. While the majority @ationic and anionic dyes are
immobilized in alcogel, anionic dyes like FL enjoysubstantial increase in mobility in
hydrogel. R6G, however, remains immobilized in logghl despite the larger pore size. In
view of their similar molecular structures except molecular charge, we attribute the
dramatic difference between the mobility of FL &®iG to Coulombic interactions, with
R6G firmly attracted to and FL repelled from silisarfaces at neutral pH. The opposite
Coulombic interactions thus cause FL and R6G tmleeis different microenvironments
within the hydrogel.

The fluorescence image and the fluorescence ityldlistribution of single GFP
molecules show that GFP is mostly immobilized desips net negative charge at neutral
pH. This indicates that molecular templating gidverns the mobility of GFP inside the
hydrogel. Compared to FL, the Coulombic repulsietwieen negatively charged GFP and
the silica surface is largely offset by moleculamplating, resulting in a much lower
mobility. Compared to R6G, GFP does show a slighidyrer mobility than the positively
charged R6G, regardless of its bigger size. Thapdyithat molecular templating can be
influenced by Coulombic interactions, with catioaied anionic templates producing tight

and loose silica pores, respectively.
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The difference in steady-state anisotropy valoesR6G added before and after the
solidification of hydrogel helps reveal the infleenof Coulombic interactions in the
placement of a guest molecule in a hydrogel. Thgelaanisotropy value for R6G when
added before gelation agrees with the notion tié& Binds to oligosilane surface through
Coulombic attraction as gelation proceeds. Subsegqualescence between oligosilane to
form secondary/higher order particles then physicetbpped the once surface-bound
R6G deep inside the resultant silica matrix anghpeal in pores templated by the
molecules themselves, leading to an additional diropmobility due to physical
confinement. This is consistent to our failed aftésrio release the encapsulated R6G with
low pH buffers and high ionic strength solutions f@e other hand, R6G that diffuses into
a silica matrix after gelation is only attached aasilica surface through Coulombic
attraction. The lack of any physical confinement tllese R6G molecules results in a
smaller anisotropy value relative to those thatprgsically embedded inside a hydrogel
matrix. Collectively, this implies that the extaitphysical confinement experienced by a
molecule can be influenced by Coulombic interactidaring gelation, with cationic and
anionic molecules producing tighter and looser pagkating silica pores correspondingly

and therefore leading to stronger and weaker palysanfinement effect, respectively.
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Chapter 4: TonB’s Motion in the Gram Negative Bact eria E. Coli

4.1 Introduction

E. Coliis one of the simplest microorganisms, with asbdpe and a size ofuz long
and 0.5um in diameterE. Coli belongs to gram-negative bacteria because whectdet
by the Gram’s Stain test it does not retain thetalyviolet color in their cell wall but stays
pink instead. Its envelope consists of two memisatiee outer membrane (OM) and the
inner (cytoplasmic) membrane (CM), separated byaiipgeous compartment called the
periplasm. The OM is an asymmetric lipid bilayer. From thetside to the inside, it
consists of lipopolysaccharides (LPS), phosphadipahd peptidoglycan (P&)The CM
is a phospholipids bilayer that is rich in protetinat generate and harvest ion gradients for
energy conversion, nutrient transport and otheere&s processés The periplasm is a
viscous compartment containing a variety of prateind other materials.

It has been recognized for many years that iromgortant for microorganisms. It
plays a critical role in microbial growth, metalsoti, and interactions with the host.
Though iron is known as one of the most abundagmehts in the Earth’s crust, the
concentration of free Béis very limited (13°M) in the aerobic, neutral-pH environment,
due to the very low solubility of Fe(OE)This concentration is far below that is required
for many microorganisms (¥ov)*.

To overcome the nutritional limitation for iron, ma microorganisms secrete
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siderophores into the extracellular environmentesehlow-molecular-weight chelators
can bind strongly and specifically to iron, which then solubilized and delivered to
microbial cells. MostE. coli bacteria obtain iron by producing the siderophore
enterobactih Enterobactin has a high affinity with ferric idiorming FeEnt As seen in
Figure 4.1, Ent contains three catechollate rifgg tomplex F€ in a G symmetric
structure. When FeEnt is formed, the molecule dostthree net negative charges (-3).
These net negative charges and the aromatic céddelgyoups are believed responsible

for the association between FeEnt and FepA, thetheEeptor protein.
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Figure 4.1 Structure of enterobactin

Since FeEnt is too larger26 Da for the OM pores which allowss00 Da to passit
is not able to diffuse through. Rather, it has @aabtively transported across the OM into
the periplasmic spafeActive transport of FeEnt into microbial cellsindes two stages
>9 Figure 4.2 shows all the proteins involved in tive stages and their locations. First,

the iron complex is recognized and bound by thep®x proteins sitting in the OM, such
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as FepA. Through a not well-understood mechanisepAFinternalizes FeEnt and
discharges it into the periplasm. Second, in thepl@smic space, FeEnt binds to its
periplasmic binding protein and is then transpodess the cytoplasmic membrane into

the cytoplasm.

Periplasm

X Inner membrane

| ExbD PPRPROR
PP LEEAAES

Cytoplasm

Figure 4.2 Proteins involved in iron transport dimeir locations

The accomplishment of transporting iron siderophcoenplex requires energy and
TonB, a CM proteitf. Iron transport from periplasm to cytoplasm isilgasnergized by
ATP through an ATP-transporter systémhowever, iron transport across OM into
periplasm does not have access to ATP. Insteadytbplasmic membrane proton motive

force (PMF) is utilized as the energy source fi firocess?*? In a not-well-understood
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mechanism, TonB, in the complex with two other plasmic proteins, ExbB and ExbD,
couples PMF and transduces energy from the innenbrene to the outer membrane
receptor for transport of FeEft

The inner membrane protein TonB consists of 23%anaicids residues and has a
weight of 26 kDa. The TonB sequence can be dividedthree functional domains, that is,
the N-domain (residues 1-32), the center domaisiques 33-102), and the C-domain
(residues 103-239). The hydrophobic N-terminusrnishared to the inner membrane,
whose function is to couple the cytoplasmic memérBMF. The center domain spans
about half the distance across the periplasmicespte C-terminus is believed required
for interaction with the OM proteihs

The importance of TonB in facilitating iron transpdas been well established,
however, not much is known about its functional hatgsm. Since TonB was first
mentioned as energy transducer by Hancock and Brati76°, many hypotheses and
theoretical models have been proposed in an eftornderstand the mechanisms of
TonB's activities>**"*° The models can be classified into two major catieg. One, the
anchored model, suggests that TonB remains anchorthe cytoplasmic membrane and
undergoes conformational change to store and digehthe energy for iron transport
>9.172022 The other, the shuttling model, suggests thaBTdisengages entirely from the
cytoplasmic membrane and associates with the mgerbrane. Once the energy has been
transduced, TonB repositions within the cytoplasmémnbrane, to start the next cytie®

The shuttling model was refuted in a recent puliboaby Kaserer et dl’. The authors

65



demonstrated that TonB does not need to leaventter membrane while performing its
function. Thus they suggested a membrane survedlamdel for TonB’ activity. That is,
TonB finds occupied receptor proteins by surveyindpe underside of
peptidoglycan-associated outer membrane proteirsidBs the experimental data, the
surveillance model finds its rationality from treede stoichiometric difference between
TonB and the outer membrane proteins (F3%jat require it for their functions.

Since the surveillance model addressed that TonBider constant motion in search
of iron-bond receptors at the outer membrane, warderested to know what can be the
driving force for such motion and how TonB chanigesnotion once it finds the target. To
find out the answer, we applied fluorescence aripgt** and designed experiments to
observe the motions of TonB under different circtamses in livinge. Coli. An E. Coli
bacteria construct that expresses GFP genetiaalydfto the TonB protein (GFP-TonB)
was mainly used for this study. Several othe€oli bacteria constructs were also used for
control experiments, which include those with GFRpressed in the cytoplasm
(cyto-GFP), with fluorescence maleimide (FM) cowlie linked to the OM protein FepA
(FM-FepA), and with ExbB and ExbD proteins deleted.

The GFP-TonB fusion protein was expressed in wifteE. Coli strain BN1071. It
was constructed by genetically engineering GFFheoN-terminus of TonB. GFP, as
mentioned previously, is a self-fluorescent protél89 aa and 27 kDa) that is firstly
isolated from the jellyfisiequoria Victoria Its fluorophore, formed by the cyclization of

three amino acids (Ser65, Try66 and Gly67), locatabe center of the cylinder-shaped
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beta-caft. In the bacteria expressing GFP-TonB hybrid protéivhich is called
GFP-TonB cells for convenience), GFP stayed incfteplasm side with its C-terminus
linked to the N-terminus of TonB at CM. The GFP-Bohybrid protein was found to
retain TonB’s function and GFP’s fluorescence.

We monitored the motions of TonB through measurémesf anisotropy of
GFP-TonB cells. Firstly, to validate our methodgldgr monitoring the motions of TonB
in E. coli cells in vivo through observation of GFP, we comgathe fluorescence
anisotropy of GFP-TonB and cyto-GFP. These two cefistructs had GFP localized
differently in the cell and were expected to shaffecent mobility. One with a higher
anisotropy reflects a lower mobility. A second expent was performed to validate our
methodology, that is, we compared the fluoresceacisotropy of GFP-TonB and
FM-FepA in order to compare their motions. In ttése, both the fluorophores and their
localizations were different. Subsequently, ourufbgvould be measuring the anisotropy
change of GFP-TonB in living. Coli cells in order to understand the role of the eperg
(PMF) availability on TonB’s motions. Three energkibitors were used to interrupt PMF,
including carbonyl cyanide m-chlorophenyl hydraz¢@€CP), 2,4-dinitrophenol (DNP),
and sodium azide. The anisotropy before and aftieling the energy inhibitor was
measured on a one-cell-per-sample basis. The sopsothange (the difference between
the two anisotropy values) reflected the changeation of GFP-TonB. That is, a positive
anisotropy change showed that motion of GFP-TonBredse, and vice versa.

Additionally, the motions of TonB during iron trggmt were studied by comparing the

67



anisotropy before and after adding FeEnt. Finatlyinderstand the role of the two CM
proteins, ExbB and ExbD, on TonB’s motion, the atiigpy of GFP-TonB (with ExbB/D)

and GFP-TonB-mutant (without the ExbB/D) were coraga

4.2 Experimental
4.2.1 Materials

Two E. Coli bacteria strains were useBN1071 and GUC41, which were used to
prepare several E. Coli constructs including BN1071/pGT, BN1071/pTpG,
BN1071/pFepAS271C, and GUC41/pGT. BN1071/pTpG esgme soluble, cytoplasmic
GFP (cyto-GFP) under the control of TonB promofer ¢convenience, the cell is also
called cyto-GFP). BN1071/pGT expresses (under tmaespromoter) the GFP-TonB
hybrid protein with the GFP linked to the N-termlio&the inner membrane TonB at the
cytoplasm side (for convenience, the cell is cal&aP-TonB). BN1071/pFepAS271C
expresses the outer membrane FepA with Ser del@tdrCys substitution at position 271.
For fluorescence labeling, the BN1071/pFepAS271Ccoastruct is covalently modified
with fluorescein maleimide (FM) linked to the siddain of the Cys residue (for
convenience, this cell is called FM-FepA). GUC41Ipé&presses the GFP-TonB hybrid
protein in the cells that have the ExbB/D inner rbesme proteins deleted (for
convenience, this cell is called GFP-TonB-Mutai).cell strains were prepared fresh
each day in Dr. Klebba's lab. The energy inhibitorsarbonylcyanide

m-chlorophenylhydrazone (CCCP) (100 mM in 70% dhgHbrmamide (DMF)),
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dinitrophenol (DNP) (200 mM in DMF), sodium azid&M in water), and the iron
siderophore complex, ferric enterobactin (FeEnt)O(3uM), were prepared in Dr.
Klebba’s lab.

The fluorescence dye fluorescein (FL) was purch&sed Sigma-Aldrich. The green
fluorescence protein, rEGFP, was purchased fromBd@sciences. Microscope cover
glasses (Fisher Premium) were purchased from FiSk@mtific and were thoroughly
cleaned by consecutive sonication in a 10% sodiydrdxide solution, distilled water,

acetone, and deionized water for 1 hour each, ctsply, before use.

4.2.2 Preparation of samples

A cuvette-coverslip sample chamber was made byglthie opening side of a cuvette
(4.5 mL) onto a clean coverslip using the 5 MinlEeexy. The bottom part of the cuvette
was cut off to allow loading of the sample solutidfo immobilize the bacteria, the
cuvette-coverslip sample chamber was first coateth V800 pL (8.33 pg/mL)
poly-L-lysine hydrobromide (purchased from Sigmaj &t least 15 minutes. After the
poly-L-lysine solution was removed, the cuvette waated with 100 pL cell solution
(from Dr. Klebba'’s lab) and set for at least 15 m@s. The mobile cells together with the
residual solution were then removed using a pipéitee sample chamber with the
immobilized cells was then rinsed twice with 500 phosphate buffer (pH7.0) each.
Finally, a 500 puL TBS solution with a small amowftglucose was added to the cell

chamber. The glucose was added to energize the selthat they maintained activity

69



during the period of measurements.
4.2.3 Real-time fluorescence anisotropy measurement

The fluorescence anisotropy of GFP molecules insohgle E. coli cells was
measured using the home-built fluorescence micpscdhe excitation wavelength
chosen for these measurements was 488 nm. Thernmstt was aligned to obtain a
linearly polarized excitation light, which alloweahe to look at a group of molecules with
the same orientation of transition dipole momertais about the polarization alignment
were described in section 2.7 in Chapter 2.

The sample chamber with immobilized cells at thdtdmo was placed on the
microscope stage. Once the sample settled dowheostage, a fluorescence image was
taken. For anisotropy measurements, a single rogtl the image was brought to the laser
focus by the nano-positioning controlling progranie cell was then exposed to the
excitation light for 5 to 10 seconds. Meanwhileg fluorescence intensity was recorded
by two detectors. All fluorescence anisotropy valwere calculated on the basis of the

following equation:

I|| (t)_G“D(t)
Ly (1) + 206G 0 ()

r(t) = (4.1)

wherer is anisotropy), andly are the fluorescence intensities that are panaitél and
perpendicular to the excitation polarization, respely. G is a correction factor used to
correct any polarization bias in the microscopee GBhfactor was calculated daily using

FL solution (10°M) by artificially forcing the anisotropy of thiskition to be 0.
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4.2.4 Fluorescence recovery after photobleaching RAP)

To compare the mobility of GFP-TonB and cyto-GFP firat kind of FRAP
experiments was performed using the same microsaspmentioned above. The cells
were imaged using a probe laser light. Followiraf,th spot (at the corner) of single cells
was chosen and was moved to the laser focus bpahe-positioning electronics. The
laser power was then increased to photobleach tiecoles at that spot. The same was
applied to other cells for photobleaching. The danwas then imaged again with the
probe laser. The images before and after photohiegevere compared. In a second kind
of FRAP experiments, as did in section 3.2.4 in@#a3, we monitored the rate of
recovery after photobleaching. In experiments hieogyever, we did not observe a slow
recovery in fluorescence intensity. Instead, flsoemce dropped to a lower level and

stayed at the same level.

4.3 Results and discussion

4.3.1 Fluorescence images

Figure 4.3 shows that both the GFP-TonB and cyt® &l constructs are rod-shaped,
like the wild-type cells, indicating that they rietad the same cell morphology with GFP
expressed inside. The GFP-TonB and the cyto-GHPB loglk similar when viewed at a
low intensity scal€Figure 4.3A and 4.3C). However, the differencevehaip when the
image is viewed at a higher intensity scale: cytRCcells still show homogeneous

fluorescence intensity through the whole cell aligio they all become less bright (Figure
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4.3D), whereas GFP-TonB cells (Figure 4.3B) argtiar at the periphery and dimmer in
the center. These images agree with the diffepaalization of the GFP molecules inside
these two cell constructs. Inside the cyto-GFPsceBFP molecules locate in the
cytoplasm. Since they enjoy more translational udifin, they are homogeneously
distributed through the cytoplasmic space. On tiherohand, GFP molecules inside the
GFP-TonB cells are attached to the N-terminus @fBlat the cytoplasmic side; therefore,

they are distributed close to the cytoplasm men#ran

Figure 4.3 Fluorescence images of GFP-TonB and@G¥{BE. Coli cells.
A. GFP-TonB viewed at a low intensity scale; B. GF#MB viewed at a high intensity
scale; C. cyto-GFP viewed at a low intensity scBlecyto-GFP viewed at a high
intensity scale.

4.3.2 Fluorescence recovery after photobleaching RAP)

Fluorescence photobleaching experiments were peedr to compare the
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translational diffusion of GFP molecules insidecc@FP and GFP-TonE. Coli Cells.
The cell sample was first imaged at a probe laSgufe 4.4A for cyto-GFP and Figure
4.4C for GFP-TonB). Several cells from each imageexchosen and were photobleached
at the corner for 1 minute by the laser light 1@t higher in intensity than the probe
laser. The cells were then imaged again (Figur8 404 cyto-GFP and Figure 4.4D for
GFP-TonB). It was found that after photobleachmgo-GFP cells became less bright but
were still homogeneous. As control, two cyto-GFHsceere left un-photobleached.
Figure 4.4B shows that the fluorescence image e$dhtwo un-photobleached cells
remains the same, indicating that instrumental tmm$ remained the same before and
after phobobleaching and that the decrease indhg@nce intensity of other cells were
due to photobleaching. For GFP-TonB cells, howetles, result was different. After
photobleaching, the fluorescence at the photobkthdpot of the GFP-TonB cells was
almost gone while the un-photobleached area wihastbright as before photobleaching.
These experiments demonstrated that GFP in thelegim seemed to enjoy relatively
free translational motion whereas GFP-TonB enjolgs$ translational motion due to

being anchored to the N-terminus of TonB.
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Figure 4.4 Fluorescence images of cells beforeadted photobleaching.

A. The cyto-GFP cells before photobleaching (thievas point to the locations that will be
photobleached); B. The cyto-GFP cells after pha&adihing (the two bright cells in the
middle were not photobleached); C. The GFP-Ton ¢xfore photobleaching; D. The
GFP-TonB cells after photobleaching (the cell anlgft was photobleached at the upper

corner, and the cell on the right was photobleacité¢de bottom corner).

4.3.3 Fluorescence anisotropy measurements by misapy

In the following paragraphs, we would discuss some#umental limitations using our
method for measuring the anisotropy of single célls mention before, the fluorescence
anisotropy of the fluorophores in livifg. Coli cells were measured using a home-built
fluorescence microscope. The fluorescence anisptropvas calculated according to Eg.
4.1.

I|| (t)_G“D(t)
Ly (1) + 216G (1)

r() = 4.1)
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wherer is anisotropyl; andlg are the fluorescence intensity that is parallehvand
perpendicular to the excitation polarization, respely. G is a correction factor used to
correct any polarization bias in the microscopee Ghfactor was daily calculated using
FL solution (10M). During the anisotropy measurements, it was @buhat the
experimental conditions, for example, the laser gotat reached the microscope stage,
the sample’s focusing position, the alignment ef ldser polarization, and the alignment
of the detectors, affected the anisotropy valuds @bli cells. The instrumental conditions
were subject to change from time to time, whichultesl in difficulties in obtaining
reproducible anisotropy. In the following paragraphwe would first focus on
investigating the effects of the instrumental ctinds on the fluorescence anisotropy

measurements of single cells and discuss the pessilutions to such limitations.

4.3.3.1 Effects of the focusing positions on amgytvalues

The G factor, as mention before, was used to correct @olgrization bias in the
microscope. Th& value was obtained by using a FL solution{M): both I, andIpof
the FL solution were recorded for 10 seconds@nehas calculated by forcing the average
r value of the solution to be 0. In anisotropy measwents, the laser light was usually
focused at the cover glass’s upper surface (foveaience, this focus point was called
“position 07), and thés factor at position 0 was then extracted and useddlculation of

anisotropy, as shown in Eq. 4.1. TGdactor was found very sensitive to changes in the
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focus positions of the laser light on the sampleinvestigate this effect, th® values at
14 different laser focus positions along the vaitiirection, z axis, were measured. The
focus positions range from z = gin (1 pm below position 0) to z = +3@m (30 um
above position 0), including z = 0 (position 0).eTmeasurements were repeated for 6
days. Thes factors as a function of focus positions weretptbtas shown in Figure 4.5. It
was found thaG value decreases significantly from z =pf to about z = +0.fum,
shown in Figure 4.5 as a steep slope. Afterwards) about z = +0.5im to z = +30um,
theG factor is almost constant. The decreasing tretahbe = 0 seems to show that while
the focus was moved up and approach 0, less arailgght reflected from the cover glass
surface was collected by the objective. The linepdlarized excitation light thus causes
less background interference to the emission, tiaguin a decrease i factor. Then
from z = 0 to further above into the solution, #2&5um, the further decrease @factor
could possibly be explained by the less retardamtion of FL molecules as they are
further away from the cover glass surface and bedess adhered to the glass surface. In
another word, FL molecules at the surface adhere todahe glass surface so that they are
less mobile. FL molecules with slower motion giveigherG factor. This is because the
fluorescence emission of these molecules is legslaezed (thd) to I ratio is bigger),
therefore when we force the anisotropy of such maoés to become zero, a biggehas
to use to force the numerator of Eq. 4,1(t) -G (t), to become 0.

It was also found that th@ factors measured on different days changed draatigti

For instance, all at position G measured on three different days under the samverpo
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and the same polarization alignment is 1.60, 2208, 1.35 (the average is 1.66, standard
deviation is 0.34), respectively. This is probabgcause the judgment on whether or not
the focus is at O is based on what our naked eyes which might be a little bit too
arbitrary. When the focus is put at z =188, where FL molecules are relatively further in
the solutionG becomes less fluctuated. For instance, all atipas30Oum, G measured at
the three different days with the same polarizatbgnment is 1.26, 1.57, and 1.44 (the

average is 1.42 and standard deviation is 0.18pectively.
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Figure 4.5G factors as a function of focus positions
(Different curves indicate data measured on diffedays)

As Eg. 4.1 shows factor affects the magnitude of thevalue. Since we meant to
focus the laser light at position O (the upper atefof the coverslip of the sample), we
used theG factor, obtained by artificially forcing the anisopy of a FL (1M) solution

(measured at position 0) to be zero, to calculae bf the sample. However, it happens
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that during the anisotropy measurements, when #maplke was moved by the
nano-positioning electronics to bring the cellsthe laser focus one by one, the laser
focus might drift slightly away from position 0. Asgure 4.5 shows; is very sensitive
around position 0. So even though it is close tsitmm O, theG factor has already
changed significantly. Still th& factor at position O calculated from FL solutiomsv
used to calculate the anisotropy. As a resulty tredue calculated for the sample, through
a fixed G factor, might not be the actuavalueof the sample.

In a word, due to the difficulty in focusing thexgale exactly at position 0, our method
can not provide accurate, absolutevalues for the cells. Fortunately, we are able to
minimize this negative effect to obtain more relab values by taking the following
measures. (1) We decreases the uncertainty in ifggygosition by adding some
immersion oil to the edges of the cover glass tp fie the sample chamber on the sample
stage and wait long enough for the sample to settlen before the anisotropy
measurements. The sticky immersion oil helps tbikta the sample, especially to
decrease the possible change in focus positionedalog raster scanning of the sample.
One way to judge whether or not the sample stasilan the stage is to check the cell
images taken by a Panasonic video camera and vidwedgh a monitor. It was found
that when the sample was just put on the stagdptus would drift very easily from the
original focus point, making the cells blurred isteort period of time. We need to refocus
it again and again until the cells shown on the ioostay solid and firm for a long time,

meaning the focus is stabilized. (2) We increasestimple size. A sample size as big as 50
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is much better than a smaller sample size as ttwyde a more reliable statistic average
of the anisotropy. More measurements also allowmoriild a distribution histogram and
check if the data can fit to a Gaussian curve @y lIopp mean of which one can judge the
reliability of the data and find problems easil§) As experience found, a better way to
focus the laser light is using the cell imagedatrhonitor as a guide, rather than using the
excitation light. It is easier to tell whether tbells are on focus or not than to tell whether
the laser is on focus or not, although if alignmisndone correctly, both focuses should

overlap.

4.3.3.2 Effects of polarization alignment on flsmence anisotropy measurements

The average anisotropy for each cell constructfeasd different when measured at
different periods (the periods are considered diffe when there is a new polarization
alignment between them). For example, the anisptodiisFP-TonB cells were measured
at three different periods and the average anigptvalues were 0.218, 0.173, and 0.255,
respectively. This points to another limit of ouetimod in measuring the anisotropy of
GFP inE. Coli living cells. That is, the average anisotropy nuead at different periods,
where alignment of the instrument has been changed to some extent. As mentioned
previously, the instrument was aligned periodicallge alignment included maximizing
laser power at the microscope stage, maximizingdetectors’ intensity, checking the
guarter-wave plate angle to guarantee that the lagd is still linearly polarized, and

checking the half-wave plate angle to ensure tiat parallel and perpendicular
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components of the emission light are aligned adngrib the detectors. Details about how
the alignment was performed were described in @n&htThe anisotropy value relies on
the excitation polarization. However, whenever tha&arization was realigned, the
instrument was never back to the same alignmerditon with all the parameters of the
instrument kept at the same values. This explawbg we were unable to give a
reproducible average anisotropy value for the samik strain measured at different
periods. In a word, the change in instrumentalnaiignt causes the anisotropy to change.
Fortunately, for the measurements within the saligaraent, the average anisotropy was
more reproducible even though they were measuretifiment days. Therefore to avoid
the limit caused by the polarization alignment,tvied to finish the measurements within
the same day or within a short period of time wlhile instrumental conditions are the
same. And we compared only the results measurdunvitie same period.

The anisotropy can also be affected by the scagéight or background fluorescence.
In one of our control experiments, we measuredrteasities of the cell strain that did not
express GFP. We found that, under the same expsah®onditions, the scattering light
or the background fluorescence contributed a sattion to the total fluorescence
intensity of the cyto-GFP and the GFP-TonB cellserEfore when the intensity from
cyto-GFP and GFP-TonB cells were not high enoughstgnal to noise ratio was low and
as a result, thevalue would become unusually large. To avoid thiswould use the cell
batch that provides bright enough cells and chiegset cells that had similar fluorescence

intensity before anisotropy measurements.
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4.3.4 Comparison between the anisotropy of GFP-Ton8nd cyto- GFP in E. Coli

cells

In this experiment, we compared the average awoigptof GFP-TonB with that of
cyto-GFP to validate our methodology for observatd GFP in living cells. To measure
the anisotropy of single cells, the cells weretfimmobilized on a cuvette-coverslip
sample chamber, and then the sample was placekeostage of the inverted confocal
microscope. When the sample settled down on tlge stafluorescence image was taken
and anisotropy of singlg. Coli cells from the image was then measured, one bymne
recording the fluorescence intensities of the callsthe center for 5 seconds. The
anisotropy of GFP in GFP-TonB and cyto-GFP cellsevmeasured under the same
conditions. A sample size of about 50 cells of b&RP-TonB and cyto-GFP were
measured. The results showed that: (1) the anmptvalue of single GFP-TonB cells
spanned from 0.15 to 0.36, and the average anpotwas 0.218 (n=53, standard
deviation was 0.024); (2) the anisotropy valuesiofjle cyto-GFP cells spanned from
0.12 to 0.21, and the average anisotropy was 0(A€%1, and standard deviation was
0.015). Figure 4.68hows the anisotropy distribution of GFP-TonB (Apacyto-GFP (B)
cells. Both curves showed roughly a Gaussian delps, with the cyto-GFP curve
locating more on the left side of the x-axis tht@iog for smaller anisotropy. The result
showed that GFP-TonB had higher anisotropy valu@s tyto-GFP, which was consistent

with the localizations of GFP in these cells.
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Figure 4.6Anisotropy distribution of GFP-TonB (A) and GFP-dgtoplasm(B)

This experiment was repeated in other period whleeeinstrumental polarization
alignment had been changed. In one period, theageeanisotropy of GFP-TonB was
0.255 (n=19, standard deviation was 0.070), anchtleeage anisotropy of cyto-GFP was

0.240 (n=15, standard deviation was 0.059). Infaroperiod, the average anisotropy of
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GFP-TonB was 0.173 (n=34, standard deviation w@46), and the average anisotropy of
cyto-GFP was 0.159 (n=31, standard deviation wa45). These results showed that the
average anisotropy measured in different periodsiseproducible. This could be due to
the change in the instrumental conditions afterpblarization realignment. Meanwhile,
the sample size might also affect the results. Mieasurements on the second and the
third periods were performed with the sample sless than 20 and 40, respectively. The
results were less precise as that on the firsbgdggample size is 50), as seen from the
larger standard deviations. The result on the fiestod was therefore more representative,
since it was based on a larger sample size.

Overall, the results from all three periods agreéhwone another, in a
semi-quantitative fashion, that the GFP-TonB hasggher anisotropy than the cyto-GFP.
The slightly higher anisotropy indicates that GF#hB is less mobile than the cyto-GFP,
which is consistent with the different localizatioh GFP in the two cell constructs. In
GFP-TonB cells, GFP is genetically fused to Tori&,ihner membrane protein with equal
size as GFP in number of amino acid residues (Teae8239 aa whereas GFP has 238 aa),
whereas in cyto-GFP cells GFP is placed in the @ggieytoplasmic compartment without

linking with any other substance.

4.3.5 Comparison between the anisotropy of GFP-Ton8nd FM-FepA in E. Coli
cells

In this experiment, we compared the average awoigptof GFP-TonB with the
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anisotropy of FM-FepA (fluorescein maleimide linkexlthe outer membrane FepA) to
validate our methodology for the observation of Gk#tions in livingE. Colicells. The

anisotropy of these two fluorophores in the celds\ineasured under the same conditions.
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Figure 4.7Anisotropy distribution of FM-FepA (A) and GFP-Tor{B)

The data showed that (1) the average anisotropffMiFepA was 0.151 (n=51,
standard deviation was 0.037); (2) the averageoaingy of GFP-TonB was 0.251 (n=42,

standard deviation was 0.050). Figure 4.7 showed tihe anisotropy distribution of
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cyto-GFP locates more on the left side of the )s-akanding for smaller anisotropy values,
compared to that of GFP-TonB. The result demorestréttat overall FM-FepA has a small
anisotropy than GFP-TonB does, suggesting that ijlelys more rotational motion.
These two fluorophores expressedEinColi Cells, GFP and FM, are very different in
their molecular weight. FM, being a small dye, 25 D. GFP, being a small protein, is 27
kD. Their locations in the cell are also differefs shown in Figure 4.8, GFP links to the
inner membrane protein TonB (239 aa) at the cyswpia side. FM binds to the outer

membrane protein FepA (725 aa).
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Figure 4.8 Localizations of FM-FepA and GFP-TonB
1. FM-FepA and GFP-TonB in the membrane (leftMagnified FepA structure with FM
labeled (right). Crystallographic structures of Re(lD: 1FEP) was from the RCSB
Protein Data Bank (http://pdbbeta.rcsb.org/pdb/Hborae.do).

To label the FepA with FM, the original amino acgidue serine at the position 271
of FepA was deleted and substituted with cysteipesibe-directed mutagenesis. The
sulfhydryl side chain of the cysteine reacted il at pH 8 forming a stable thio-ether

bond. The reaction between FM and the cysteinkaws in Figure 4.9.
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Figure 4.9 FM fluorescence modification to the oystresidue of FepA at S271C
(FepA structure is not shown)

Our data demonstrated the different level of mgbilhe membrane-bound FM and
membrane-bound GFP undergoBEnColi cells. Being a smaller molecule (427D), FM
seems to enjoy more rotational motion comparedRB @27 kD), which is about 63 times
larger than FM in molecular weight, shown as a loaresotropy, FM (r=0.151) compared
to GFP ¢ = 0.251).

In a previous experiment, we measured the anispwbfiuorescein (FL, from which
FM is derived) and GFP solution using the same esmwpe. The data showed that the
anisotropy of FL and GFP in agueous solution weand 0.22, respectively (notice that
the G factor for calculating the anisotropy was obtaibgdorcing the anisotropy of FL to
be 0). FM is derived from FL with an addition ofreleimide group; therefore we should
expect that free FM in solution should have an@&nipy value very close to 0, due to
very similar molecular size (332is.427D) and shape. The anisotropy measured using

the fluorescence microscope was lower than thatsored using a fluorometer (the

86



anisotropy value of GFP in solution was 0.28®02 measured by a fluorometer). This
could possibly be due to the mixing of the polai@acomponents of both the excitation
and emission light caused by the high numericattape objectives. Also notice that the
bulk measurements of the anisotropy of a fluorophor the solution were more

reproducible compared to the measurements of &oftlnmre in the cell.

Together with FM and GFP measured in aqueous salutiur results indicated that,
firstly, no matter bound (in the cell) or unboumal the aqueous solution) FM is relatively
more mobile than GFP. This can be attributed todtsmatic difference in molecular
weight between these two molecules, with GFP 6&gitarger than FM. Secondly, both
bound FM and bound GFP show a higher anisotropy titvgir unbound forms, indicating
a restricted rotational motion.

Our data also indicated that compared with GFP-TanB8 cyto-GFP experiments
(Section 5.3.4), the difference between GFP-Tond BM-FepA seems more significant.
The former experiment compared a larger fluoropliGifeP) at the two different locations,
one anchored to TonB at the cytoplasmic side aadther solely staying in the cytoplasm
of the living cells, whereas the latter experimssrpared two fluorophores (GFP and FM)
with totally different molecular weight (27 kD ad@7 D, one is 63 times larger than the
other). The anisotropy of a molecule is affectedh®yintrinsic properties of the molecule
itself (e.g. the size and shape, and fluoresceifetarie) and the environment where it

resides (e.g. the viscosity). According to Pergoadion,
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fo-1+ X -1+6D,7

" (4.2)

"
whererg is the maximum fluorescence anisotropys the fluorescence lifetimg, is the

rotational correlation time, arid is the rotational diffusion coefficient.is given by

¢ =1V

ro- ﬁ (4.3)
wherer is the viscosityT is the temperatur® is the gas constant, ands the volume of
the rotating unit. The translational diffusion dumént (Dy) is related to the average
hydrodynamic radiusR,) of the molecules as shown in the Stokes-Einstgjuation

assuming spherical particles,

KgT

677D,

R, = (4.4)

wherekg is the Boltzmann constant. These equations reveal dnmmsotropy values are
affected by the size and fluorescence lifetimehef tolecules. Small molecules have a
small volume (or hydrodynamic radius) and the rotetl correlation time is smaller than
the fluorescence lifetime of the molecules, resglin a small anisotropy value in aqueous
solution (close to zero). For macromolecules, thange in motion cannot be easily
distinguished by fluorescence anisotropy, becaigteihtrinsic steady-state anisotropy is
associated with its large hydrodynamic radius. &8 cylinder-shaped protein, with a

physical dimension of 2.4 nm in diameter and 4.2 innlengtif®. The R, of GFP in
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solution was reported to be about 2.3 AMWith such a large size, the rotational
correlation time is also large (20 ns), which iscimilarger than the fluorescence lifetinre (

= 2.9 ns in solution and = 2.6 ns in cell$}, therefore the anisotropy value of GFP in
solution is relatively larger (0.283 as measured fluorometer).

Due to the high intrinsic steady-state anisotrofyGd-P, we should not see a
significant change in anisotropy between GFP-Ton8 eyto-GFP. As for FM and GFP,
bound or unbound, the difference is much easisegosince we compare two fluorophores
that have dramatically different weight (one ist®3es larger than the other) and different
size). Our experiments demonstrated that when GEEPFM both bind to a membrane
protein, their motions are restricted, but beirgpaller molecule, bound FM still enjoys
more motion compared to bind GFP.

Another thing we need to consider in comparing dhesotropy of FM-FepA and
GFP-TonB is the relative motion of the membranegns that FM and GFP bind to.
FepAresides in the outer membrane (OM) while Tozd2des in the inner membrane (IM).
The OM is less thermally mobile compared to the pvgbably because the phospholipid
bilayer connects to the lipopolysaccarides at thside leaflet. For IM, however, the IM
phospholipids do not have those parts to connetit. viRather, they connect to two
aqueous compartments at sides, the periplasm @&ndytbplasm. The IM protein TonB
therefore may enjoy more thermal motion than the @dein FepA does, since the IM is
more fluid-like than the OM. This may lower the sotropy of GFP-TonB slightly.

Furthermore, as will be discussed later, TonB, kmda function as energy transducer
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during iron transport ife. Coli, is speculated to undergo constant conformationahge

in fulfilling its function. As the surveillance metlpostulates in describing its mechanism,
TonB may undergo some constant motions with theswamption of the energy in form of
proton motive force. If so, we may also see ano#dmsotropy decrease, t00. Yet, even
though these (thermal motion of the IM and motidnTonB) might contribute to the
decrease of anisotropy, the GFP (linked to Tonl)h&tve a higher anisotropic value than
FM (linked to FepA), simply because it is too mi@fger in size.

In conclusion, although a reproducible absoluts@nopic value can not be achieved
due to change in instrumental conditions (suchaarization alignment an@ factor),
our methodology is able to show that that FM-FepAthe living cells has a lower
anisotropy than GFP-TonB in the living cells, whitlake sense when we consider their
huge difference in molecular size. Binding to thenmbrane proteins limit their motion in
a way that increases their anisotropy, still boEMIhas a relatively lower anisotropy than
bound GFP. As controlled experiments, these expmarisn(including Sections 4.3.4 and
4.3.5 experiments) validated our methodology in sngag the motion of GFP in living
cells. With this methodology, we were able to digtiish the different motions between
cytoplasmic GFP and TonB bound GFP as well as Hepid FM and TonB-bound GFP.
After these, the major part of our experiments widag focused on observing the motion
of GFP-TonB under various conditions, for instanagder difference energy poisons or

during the process of iron transport.
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4.3.6 Effect of the energy inhibitor carbonyl cyarde m-chlorophenyl hydrazone

(CCCP) on GFP-TonB’s motion

As mentioned in the introduction, the transportiroh across OM into periplasm
requires energy and TonB. The cytoplasmic membRM& is utilized as the energy
source in this process. A recently developed mimtéflonB’s mechanism in iron transport
hypothesize that TonB is constantly surveying urttlerpeptidoglycan-associated outer
membrane proteins until it finds the ligand-bouadeptor protein. The question is what is
the driving force for such motion? Is it energy-degent?

To answer this question, the energy inhibitor C@@R used to stop the PMF and the
motions of TonB before and after addition of CCC&winvestigated. The structure of
CCCP is shown in Figure 4.10. CCCP is a weak guith(= 5.7) and is soluble in fat.
Being a weak acid it binds protons on one side pfeanbrane, and being fat-soluble it
drifts to the opposite side of the membrane an@gisaway the protons. The proton
ionophore CCCP can therefore disrupt cell membmaoton gradient and dissipate the

PMF across the membranie
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Figure 4.10 Structure of CCCP
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In this experiment, the anisotropy of a cell befered after adding CCCP was
measured. Considering the instrumental limitatitims, measurement was performed very
carefully on a one-cell-per-sample basis, thavesmeasured the fluorescence anisotropy
of GFP at the same location in a cell before aner a&fdding CCCP, without changing
anything in the microscope during the two measurgmelhe only difference was the
addition of CCCP and a 10 minute wait after itsioia. These would make sure that the
result (change in anisotropy) is reliable, not eauby the change of the experimental
condition but caused exactly by the addition of GCE&ach time after the initial
measurement of anisotropyph CCCP (100 mM) was carefully added to the 500 gil ¢
solution, resulting in a final concentration of MMCCCP. The real-time fluorescence
intensity trajectory of the cell was recorded for seconds for each anisotropy
measurement. The anisotropy of each cell was thknlated, based on the fluorescence
trajectory. The results showed that the averagsotmopy of GFP-TonB cells before
adding CCCP was 0.256 (n=50, standard deviationOi&l), and after adding CCCP the
average anisotropy of these cells was change®@2{n=50, and standard deviation was
0.042). Figure 4.11A and give the anisotropy distribution of GFP-TonB bef¢#¢ and
after (B) adding CCCP. From the curves, it was tbtirat the anisotropy distribution of
GFP-TonB after adding CCCP shifts slightly to tigdt side of x-axis compared with that
after adding CCCP, indicating that GFP-TonB’s motizas restricted after the addition of
CCCP. Figure 4.11C gives the distribution of thesaimopy change after adding CCCP

for the same 50 cells studied. The curves roughbwsa Gaussian distribution, with the
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mean of the curve at 0.048 (indicating the avemgeunt of change in anisotropy) and
the full width at half maximum (FWHW) at 0.069. Teiger, these data show that
GFP-TonB cells respond to change in energy: whenethergy is depleted of by the

energy inhibitor CCCP, GFP-TonB’s motion is res&it
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Figure 4.11 The anisotropy of GFP-TonB before dtet adding CCCP
(A) before adding CCCP; (B) after adding CCCP; (@& anisotropy change of
GFP-TonB after adding CCCP ( the curve in C isGlagissian fitting).
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Several control experiments were performed in otdeensure that the anisotropy
change of GFP-TonB was indeed caused by the addifi@CCP and that CCCP affected
the motion of TonB, not GFP. First, we investigatdtether the 10-minutes waiting time
and the action of adding 5L solution to the 50QuL cell sample solution during the
measurement could cause any change in anisotrdpy. ekperiments were repeated
exactly the same way as those performed by add@@FCexcept that, instead of adding
CCCP, either no solution or fL buffer was added. The results indicated that no
significant change in anisotropy was observed. &loee it is evident that the addition of
CCCP is responsible for the anisotropy change enGRP-TonB cells. Second, another
control experiment performed was to compare theadrapy change of GFP-TonB cells
and the anisotropy change of cyto-GFP cells upatingdCCCP. The anisotropy of 25
cells was measured. Afterwards,ub CCCP was carefully added to the 500 cell
sample. Again, the anisotropies of 25 cells werasus=d. The results showed that the
cyto-GFP cells did not have significant change misatropy (the average change in
anisotropyAR=-0.020). Compared with cyto-GFP cells, the GFP-Tasls showed a
significant increase in the anisotropfR=+0.046) The second control experiment
showed that CCCP causes GFP-TonB to become lessemitibough affecting TonB.
GFP alone is not affected by CCCP, or at least doekave a decrease in motion when it
encounters CCCP. Together with the one-cell-one pganexperiment, our data
demonstrated that TonB responds to the depleticgnefgy, resulting in an increase in

anisotropy, which we interpreted as a decreaseotiomdue to lack of energy.
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4.3.7 Effect of the energy inhibitor 2,4-dinitroph&ol (DNP) on GFP-TonB’s motion

A second energy inhibitor, DNP, was used to intgrfionB’s energy supply. The
structure of DNP is shown in Figure 4.12. Simi@aQCCP, the proton ionophore DNP is a
weak acid and is fat-soluble. The uncoupling actibDNP is due to its ability to transport
protons across the lipid bilayer and therefore ipgs the proton gradient across
the membranes, leading to a rapid consumption exfogi? >

The effect of DNP on GFP-TonB’s motion was investégl in a way similar to that of
CCCP. The anisotropy of a single GFP-TonB cell wasasured. 5 pL DNP (original
concentration 200 mM) was added to the 500 pLsmlition. The final concentration of
DNP in the cell sample solution is 2 mM. After 1thotes, the anisotropy of the same cell
was measured again. The measurement was performadpne-cell-per-sample basis to
guarantee obtaining accurate results. Differeninfiexdding CCCP, adding DNP to the
cells caused a random change in the anisotropyaV¥éege anisotropy, however, did not
change much before and after adding DNP. The DNiRiso has a bright yellow color
similar to that of the GFP. The UV absorbance spatbf the DNP solution (Figure 4.12)

showed that at the concentration of 0.1 mM, DNPaktsle absorption at 480 nm.
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Figure 4.12 UV spectrum and structure and of DNP

It seems that DNP, at the concentration of 2 mMbig to absorb a portion of the laser
light (488 nm) and thus causes interference teiugtation light, which then affects the
emission and the anisotropy measurements. Suctieirgece might combine with the
possible effect DNP may have on GFP-TonB cellsjltieg) in a random change in the
anisotropy. To decrease such interference, weediltite DNP solution by one fourth from
200 mM to 50 mM, which ended up with a final cortcation of 0.5 mM in the cell
sample solution. We measured the anisotropy befodeafter adding the DNP again. The
results showed that the average anisotropy of GéiBTcells before adding DNP was
0.221 (n=53, standard deviation is 0.050), and affeling DNP the average anisotropy of
these same GFP-TonB cells changed to 0.277 (n#BBstandard deviation is 0.076). By
just comparing the average anisotropy, it seemed #udding DNP increased the
anisotropy of GFP-TonB cells. However, the big dead deviation (0.076) in the second
data set revealed that the anisotropy change #tmtiua lot after addition of DNP, which

agreed with the results obtained at a higher cdraton of DNP.
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Figure 4.13 The anisotropy of GFP-TonB before (Ad after (B) adding DNP and the
anisotropy change after adding DNP (C).
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Figure 4.13A and Bjive the anisotropy distribution histogram of GFenB before (A)
and after (B) adding DNP. The anisotropy distribntof GFP-TonB cells without adding
DNP (Figure 4.13A) shows a Gaussian shape. Thetaogy distribution of GFP-TonB
with addition of DNP (Figure 4.13B), however, doed show a good Gaussian shape.
Figure 4.13C gives the distribution of the anispyrehange after adding CCCP. It does
not show a Gaussian shape, either, possibly dubetanterference caused by DNP’s
absorption of the excitation light. Though the diBition of the anisotropy change does
not look like Gaussian, it seems to indicate atpasthange in the anisotropy since most
data fall within the positive part of the x-axis.

Similar to that in the CCCP experiments, a corgsgderiment was performed in order
to ensure that the effect of DNP is directly on Boifhe experiment was performed by
comparing the anisotropy change of GFP-TonB cefid the anisotropy change of
cyto-GFP cells upon adding DNP. The anisotropy mmeasents of both cells were
performed on the same day to guarantee that tireimental condition was the same. The
anisotropy of 25 cells was measured. Afterwardsl. ®NP 50 mM was carefully added
to 500 pL cell sample. Again the anisotropies dafthar 25 cells were measured. The
average anisotropy of each cell strain before dted adding DNP was calculated. The
results showed that the GFP in the cytoplasm diddisplay an increase in anisotropy
upon adding DNP, rather the anisotropy droppedtla [AR=-0.024). As for GFP-TonB
cells, the anisotropy was found to increases s\igifon adding DNPAR=0.004). The

control experiment showed that DNP caused GFP-TonBecome less mobile, through
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affecting TonB. GFP alone was not affected by DdiRt least did not have a decrease in
motion when it encounters DNP. Together with the-oall-per-sample experiment, our
data indicate that adding DNP as energy inhibié@nss to cause a positive change in the
anisotropy of the GFP-TonB cells, but the changeoisas significant as adding CCCP.
This might be due to DNP’s ability in absorbing tpair the laser excitation, resulting in

interference to the anisotropy of GFP-TonB.
4.3.8 Effect of the energy inhibitor sodium azide GFP-TonB’s motion

A third energy inhibitor sodium azide was usednteirupt TonB’s energy supply. The
structure of sodium azide is seen in Figure 4.b#i8n azide blocks electron transport
along the respiratory chain (complex V), whichoise of the five respiratory enzyme
complexes. It inhibits cytochrome oxidase by birgdimeversibly to the heme cofactor. As
a result, the transfer of 'Hon across the membrane to produce the protoniegriads

stopped.
+

Na

N=N=N'
Figure 4.14 Structure of sodium azide
5 pL NaN (concentration 1 M) was added to 500 uL GFP-TorBscsolution,
resulting in a final concentration of 10 mM NaNhe measurement was performed on a

one-cell-per-sample-basis. Similar to the CCCP ewmnts, adding NaiNcaused a

significant increase in anisotropic values. Thaitssshowed that the average anisotropy
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of GFP-TonB cells was 0.241 (n=61, standard demmatvas 0.049), and after adding
azide the average anisotropy of these cells wasgelthto 0.302 (n=61, and standard
deviation was 0.063). Figure 4.15A andgBe the anisotropy distribution of GFP-TonB
before (A) and after (B) adding azide. From thevesy it was found that the anisotropy
distribution of GFP-TonB after adding azide shiftshe right size of the x-axis that stands
for higher anisotropy, indicating that GFP-TonB’stion was restricted once the energy
supply was gone. Figure 4.15C gives the distrilmuibthe anisotropy change after adding
azide, which shows a rough Gaussian shape, withntean of the curve at 0.052
(indicating the average amount of the change isaropy) and the FWHW at 0.059.
From the histogram, it seems that there are twos&an populations (with their means
roughly at 0.06 and 0.1, respectively, suggestngColi bacteria might undergo two
different behaviors upon adding azide. The chamganisotropy were both positive,
indicating that both types &. Coliwere less mobile upon adding azide. As we lookat t
data at section 4.3.6 agaif, coli upon adding CCCP seemed to show two Gaussian
populations (with their means roughly at 0.06 arid Orespectively) as well, although the

second population (with the mean at 0.1) was smalle
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Similar to that in the CCCP and DNP experimentsgoatrol experiment was
performed in order to ensure that the effect oftsnchzide was on TonB. The experiment
was performed by comparing the anisotropy changer#-TonB cells and the anisotropy
change of cyto-GFP cells upon adding sodium aZithe. anisotropy measurements of
both cells were performed on the same day to gtegahat the instrumental condition
was the same. The anisotropy of 25 cells of each m@asured. After that|i. sodium
azide (1 mM) was carefully added to 5@00cell sample. The anisotropies of 25 cells were
measured again. The average anisotropy of eachtrah before and after adding sodium
azide was calculated. The results showed that caedpa cyto-GFP cell (the change in
anisotropyAR=+0.007), GFP-TonB cellfAR= +0.035) showed a significant increase in
the anisotropy. The control experiment indicatest #odium azide caused GFP-TonB to
become less mobile, through affecting TonB. GFRaleas not affected by sodium azide,
or at least did not have a decrease in motion vithemcountered sodium azide. Together
with the one-cell-one sample experiment, our dataahstrate that TonB responds to the
depletion of energy, resulting in an increase ims@mnopy, which we interpret as a

decrease in motion due to lack of energy.

4.3.9 Change of anisotropy in GFP-TonB during irortransport

Previous study in Dr. Klebba’'s group showed that Eh Coli strain that expresses
GFP-TonB hybrid proteins can bind and transportitbe siderophore complex, FeEnt.

This indicates that TonB is functional even wheis itnked to a GFP, the protein of equal
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size. In this experiment, we examined whether drtine addition of FeEnt would cause
any change in the motion of TonB. 5 pL FeEnt abdginal concentration of 100M was
added to 500 pL GFP-TonB cell solution, which endpdwith a final concentration of 1
MM. The measurement was performed on a one-celseple basis. That is, we
measured the anisotropy of each cell at the saca¢iém without touching the microscope
between two measurements, before and after addifi¢GieEnt. The results showed that
the average anisotropy of GFP-TonB cells was 0(8381, standard deviation was 0.58),
and after adding FeEnt, the average anisotropyesiet same GFP-TonB cells stayed about
the same, 0.242 (n=51, and standard deviation wa6é%3). Figure 4.16A and Bive the
anisotropy distribution of GFP-TonB before (A) aaffer (B) adding FeEnt. From the
histograms, it is found that the anisotropy disttibn of GFP-TonB adding FeEnt almost
completely overlap with that of GFP-TonB withoutatdy FeEnt. Figure 4.16C gives the
distribution of the anisotropy change after addieg=nt, which looks like a Gaussian
shape with the left side of the peak filled withadaut the right side lacking data. If fit
with a Gaussian function, the Gaussian curve hasntlean at 0.014 (indicating the
average amount of the change in anisotropy) andr¥EIM at 0.052. Overall, we think

that the anisotropy of GFP-TonB does not changehnaifter adding FeEnt.
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There are two explanations for such results. (19 motion of GFP-TonB does not
change during iron transport. However, as mentiomethe introduction, TonB was
believed to undergo at least some conformationaliomoin order to facilitate iron
transport. (2) The motion of GFP-TonB changes duimon transport, but it is not
detected by anisotropy measurements. This seeme pumsible. The anisotropy we
calculated was the average anisotropy of many GéBTmolecules measured at 50 ms
dwell time for a time period of 5 s. If after addifeEnt, the GFP-TonB molecules rotate
more frequently and constantly during the measunémee should see that the anisotropy
of GFP-TonB decreases. Since we did not see tketaopy decrease significantly, we can
conclude that GFP-TonB does not experience suahdimotion upon adding FeEnt. If
after adding FeEnt, GFP-TonB molecules undergo suations: (i) GFP-TonB responds
by decreasing or increasing in motion quickly amehtreturning to the original state for a
much longer period of time (characteristics of a Iduty cycle), or (ii) GFP-TonB
increases or decreases its motion too slowly coaaptr the period for the measurement,
we may not see much change in anisotropy. A moeéulitool to observe such motions
could be single-molecule spectroscopy. In singléetwde measurements, only one single
molecule is focused each time, and any changeeimibtion can be detected by tracking
the fluorescence time trajectory. Therefore, singlelecule spectroscopy can be the
direction of our future study in this project irder to observe the motions of TonB during

iron transport.
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4.3.10 Comparison between the anisotropy of GFP-T@&and GFP-TonB with ExbB

and ExbD deleted in E. Coli cells

TonB functions as an energy transducer for thespart of iron through the outer
membrane to the periplasm. It is believed that TaeBds the other two inner membrane
proteins in this process, ExbB and ExbD. Theseetlprteins form a heteromultimetic
complex and thus stabilize TonB and anchor TonBéocytoplasmic membrane. TonB is
therefore able to harness PMF and transduce thgyetwefacilitate iron transport, in a not
yet well-understood way. In this case, the motibdanB is restricted, and when ExbB
and ExbD are not available, TonB should be moreilmobo verify this, theE. coli
construct GUC41/pGT was cultured, in which the Exdsi8l ExbD genes were deleted (for
convenience, this construct is called GFP-TonB-Mt)talrhe anisotropy of GFP in both
the GFP-TonB and GFP-TonB-Mutant were measureddardo compare their motions.
The anisotropy of GFP-TonB and GFP-TonB-Mutant we@asured on the same day
under the same conditions. The results showedtlieahverage anisotropy value of the
GFP-TonB cells was 0.223 (n=31, standard deviat\@s 0.055), and the average
anisotropy of the GFP-TonB-Mutant was at 0.195 @)=fandard deviation was 0.045).
Figure 4.17A and B show the anisotropy distributiacf GFP-TonB and
GFP-TonB-Mutant. The curves show that the anisgtr@pGFP-TonB-Mutant slightly
shifts to the left side of the x-axis, indicatift it is a bit more mobile than GFP-TonB.

The data are consistent with the hypothesis thaBEand ExbD complex with TonB and
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stabilize TonB at the inner membrane. When theseptwteins are absent, TonB might be
able to move around and even away from the innenlnené®, thus causing a drop in the
anisotropy value. In the case of GFP-TonB, Tonkgss likely to get away from the inner
membrane since it is linked to the reporter prot@€RP at its N-terminus at the
cytoplasmic side while the C-terminus part of itighe periplasm; therefore TonB only

showed a slightly decrease in anisotropy with dmhedf ExbB and ExbD.
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4.4 Conclusion

The inner membrane protein TonB plays an importaletfor iron transport in bacteria.

It harnesses the proton motive force and transdtloesenergy to facilitate the iron

transport through the outer membrane into the [aip. TonB’s role in iron transport has
been well established, but exactly how it acconhglssthis is still unclear. This project
aims to continue with the investigation of TonB’schanism through the study of TonB'’s
motions. A series of experiments were designedHerobservation of TonB’s motions
under different circumstances, such as withoutgnawailability, during the process of
iron transport, and without ExbB and ExbD protestabilizing TonB. The motions of

TonB under these circumstances were compared hatetunder the normal conditions,
using GFP as a reporter, which was geneticallydisehe N-terminus of TonB.

The change in the sample’s focusing positionsthadolarization alignment of the
instruments were two major influences on the meamants of anisotropy of living.
Coli cells. As a result, it is difficult to obtain reqlucible anisotropy values measured in
different periods. Nevertheless, our methodologyaikd for the anisotropy of different
samples measured in the same period, where thanmetal conditions vary less.

In the two control experiments, we compared GFRBIowith cyto-GFP and
compared GFP-TonB with FM-FepA in order to validdiat our methodology was able to
differentiate the different extent of motions thEbnB undergoes in living bacteria,

through the observation of GFP. In the first cdbe, average anisotropy of GFP-TonB
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was found slightly higher than that of the cyto-GR¥hich was consistent with the
different mobility GFP experiences, due to diffdriaalizations of GFP in these cells. In
the second case, GFP-TonB showed a significantligdriaverage anisotropy value than
FM-FepA, which was consistent with the differentbiity GFP and FM experience, due
to great difference in molecular size. The two conéxperiments showed that we were
able to observe and compare the motions of the (&E#de living bacteria cells by
measuring anisotropy using a fluorescence micrascop

The role of energy availability on TonB’s motions living E. Col cells was then
examined. The apparent increase in the anisotroF®-TonB after adding the energy
inhibitors, CCCP and sodium azide, demonstrated tha motion of TonB is
restricted due to depletion of PMF. Next, the motad TonB during iron transport was
investigated. When the iron siderophore complexnE@ias added to the cells, the process
of iron transport was activated. The anisotropa6P-TonB cells after adding FeEnt does
not change much, indicating that transport of idmes not measurably affect the motion
of TonB. Finally, the effect of two inner membrgmeteins, ExbB and ExbD, on TonB’s
motion was studied. When ExbB and ExbD are deleteel,anisotropy of GFP-TonB
decreases, indicating that TonB is more mobile outiExbB and ExbD. Our result agrees
with the idea that the TonB/ExbB/ExbD complex diabs and anchors TonB to CM.

To summarize, (1) TonB’s motion decreases in respotw depletion of PMF,
suggesting that TonB is using the energy, in fofl@MF, for some constant motion. Our

results support the TonB’s “membrane surveillaneechanism'’, which suggests that
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TonB surveys under the outer membrane proteinganch of iron-bound receptors to
activate iron transport through FepA. (2) During firocess of iron transport, the change
in TonB’s motion is not measurably detected by @nigy measurements, indicating that
TonB does not become constantly more mobile. Tomghtrundergo quicker movement
for a moment and then return to the original state& much longer period (characteristics
of a low duty cycle) or it might change its motitmo slowly. Both types of motions can
escape from being detected by bulk anisotropy measents. In these cases, single
GFP-TonB measurements will be more useful for tbhdysof the motion of TonB during
iron transport. This can be the direction of ouufa study. 3) TonB’s motion increases
when ExbB and ExbD are absent, which on the othrdlindicates that ExbB and ExbD

restrict TonB’s motion.
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Chapter 5: Molecular Mobility under Submicroscopic Liposomal

Confinement inside the Hydrogel Matrix

5.1 Introduction

The incorporation of biomolecules into porous siliglass has provided a robust
alternative to immobilize labile biological moleesl for biosensor developmé&nt
Performance of a silica sol-gel biosensor is clpselated to the characteristics of the
encapsulated molecules and the sol-gel networkedgyme that experiences restricted
flexibility under nanoscopic confinement may not iman its ability to undergo
conformational changes as part of enzyme activity.

The effects of charge, size, and the polaritjhefguest molecules and the porosity of
the sol-gel network on the dopants’ behavior haghbiavestigated using both ensemble
and single-molecule fluorescence spectrostapyt was found that regardless of
molecular charges and polarity, small dye molecwege sufficiently immobilized in a
silica alcogel, where the pore sizes are relatisetgllef’. In a hydrogel with much larger
pores and a high percentage of water, however, tinetya charged fluorescein (FL)
molecules enjoyed much greater rotational and katiosal mobility than the positively
charged rhodamine 6G (R6G) molecules, indicatilag) ¢hectrostatic interactions dictated
the mobility inside the hydrodelAs for green fluorescence protein (GFP), its protivas

restricted, possibly due to the effect of molectdanplating.
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Molecular templating is a very common phenomenosilica sol-gel composites,
where a doped guest molecule serves as a temptatdi¢a pore formation when a liquid
sol gradually gels into a solid composite, thupprag the guest molecule inside a pore of
similar shape and dimension. For biosensor devetopnmolecular templating continued
to be a major concern in the synthesis of actiMeasbiocomposite materials. Even though
the pore dimension is opened up by diluting thaitgsol with a suitable solvent before
gelation sets in, the effect of molecular templgtam the mobility may not be completely
avoided for macromoleculés

A novel protocol was proposed to solve for suctbfgms mentioned abotfe In the
protocol, a protein was trapped inside 200 nm (digm liposomes. The liposomes
templated the pores sizes of the silica sol-geknals to a submicroscopic dimension and
protected the protein molecules inside the liposofmem protein-silica interactions and
molecular templating effect during the processalation. After the sol-gel solidified, the
silica matrix was shocked by strong electrical puis break apart the liposomes and
release the proteins for subsequent applicatioms.ability of this protocol to yield active
silica biocomposites was demonstrated using pretemcluding GFP, horseradish
peroxidase , and a more fragile enzyme fireflyferase .

The current project focuses on examining how thaiajprestriction exerted by the
liposomes might affect the mobility of the entragpeolecules. The guest molecules are
entrapped inside the submicroscopic liposomes bws sizes (100 nm, 200 nm, and 400

nm in diameter). The submicroscopic liposomes a&eduas they are big enough for
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entrapping macromolecules. R6G and FL are chosefluasescence probes and are
entrapped inside the liposomes. R6G and FL aretipelyi charged and negatively
charged, respectively, at neutral pH conditionyefee they can be good reporters for
trapped biomolecules with charges at physiologicaldition.

The physical properties of many substances undaypmaous confinement had been
studied and had been found different from thathim tbulk staté** For instance, upon
incorporation into the nanoporous silica (from 8 tmi25 nm), phenolic resin was found
to have a lower curing temperature and that thems an inverse linear dependence
between the pore size and the curing temperatugeder confinement (from 0.4 nm to
2.1 nm) in nanoporous organosilicate films, the ititgbof the linear alkane molecules
became increasingly affected by van der Waalsaotems between the molecules and the
methyl groups on pore surfaces as the pore sizeaself. As a result, the diffusivity of
the organic molecules decreased as the pore sizeasded and as the carbon chain length
increased. When confined within random nanopordassgs with nominal pore sizes
between 2.5 nm and 20 nm, the poly(dimethyl sileyg®DMS) and poly(methyl phenyl
siloxane) (PMPS) polymers were found to have fastdecular dynamics than in the bulk
staté. A laser dye DCM was trapped in DPPC vesicle @peed in a sodium silicate
derived sol-gel glasd It was found that the solvation dynamics of
4-(dicyanomethylene)-2-methyl-(p-dimethyl-aminogtydH-pyran (DCM) was different
from the bulk solvation, which could be describgdalfast and a slow component.

Those publications mentioned above were all fortnaémmolecules trapped in small
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confinementdn this project, charged R6G and FL are trappediénposomes of known
sizes (100 nm, 200 nm, and 400 nm) in order fotousmvestigate the effect of spatial,
liposomal confinement on the molecular mobilityeTinobility of R6G and FL inside the
liposomes is studied using fluorescence polaripatinodulation and fluorescence
anisotropy. Polarization modulation had been usestudy the reorientational dynamics
of single fluorescence dye molecules attached té\ Bidands that were absorbed onto a
glass surfac&*’. Here, polarization modulation is used to obthimotational mobility of
the confined R6G molecules. When probe molecules&cited with linearly polarized
light whose polarization angle is modulated frome @80 degrees, the extent to which the
fluorescence is modulated will reveal the rotatlanability of the molecules within the
period of the polarization modulation. The phasé ahd the modulation depth, extracted
from the modulation data, are used to evaluatedia¢give mobility of the molecules under
the submicroscopic confinement. Meanwhile, the trotal flexibility of the dye
molecules is also examined using fluorescence @o®g which is a more popular

method.

5.2 Experimental
5.2.1 Materials

The Sol-gel materials (tetramethyl orthosilicatdé1@S) and tetraethyl orthosilicate
(TEOS)), the fluorescence dyes (R6G and FL), cheles and dihexadecyl phosphate

were all purchased from Sigma-Aldrich. The lipidimgristoylphospatidylcholine
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(DMPC), was purchased from Avanti Polar Lipids. Adagents were used as received.
Microscope cover glasses (Fisher Premium) werehaged from Fisher Scientific and
were thoroughly cleaned by consecutive sonicatioa 10% sodium hydroxide solution,

distilled water, acetone, and deionized water fbodr each, respectively, before use.
5.2.2 Preparation of dye loaded liposomes

A 5:4:1 molar ratio phospholipid stock solution DMPC: cholesterol: dihexadecyl
phosphate was prepared by dissolving 1.670 g DMHG,mg cholesterol, and 273 mg
dihexadecyl phosphate in 10 mL chloroform. Thigdlipocktail stock solution of 250 mM
DMPC, 200 mM cholesterol, and 50 mM dihexadecylgpiate in a sealed round bottom
flask was then stored in the refrigerator for fetusse. To prepare dye-doped liposomes,
the solvent in a 14L lipid stock solution was evaporated using a drgl gentle nitrogen
stream, which yielded a thin lipid film on the watiside a microtube. The film was
immediately reconstituted in 38 dry isopropanol with rapid vortexing. Next, 500
1x10* M R6G or FL ( prepared in 10 mM phosphate buffgd, 7.0) was added to the
reconstituted phospholipid mixture and the resultution was then vigorously mixed
for 5 minutes to form R6G-liposomes or FL-liposom@® prepare liposomes with
different sizes, dye-doped liposomes were passel &ad forth 20 times through the
polycarbonate membranes of different pore size® (A, 200 nm, and 400 nm in
diameter) installed inside a mini-extrusion deviparchased from Avanti Polar Lipids).

All dye-doped liposomes were prepared freshly ekghfor use.
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To separate the dye-doped liposomes from the fyeesdlution, a Nap'-10 column
containing Sephadex™ G-25, purchased from GE Hemith was used. The N&p10
column allows big particles to be eluted first. 805uL R6G-liposome or FL-liposome
sample was added to the column and allowed to émegel bed completely. The same
amount of the elution buffer (10 mM phosphate bufié! 7.0) was added and allowed to
enter the gel bed completely so that the combir@dnve of sample inside the gel bed
equals 1.0 mL. Next, the sample was eluted witrsphate buffer (pH 7.0) and collected
portion by portion for a total of 10 portions. Feach portion, 50QL buffer was used. The
fluorescence intensity of each portion was measurid first two portions (portion No.1
and No.2), containing dye-doped liposomes in thiéebwsolution, were used to prepare

the liposome-incorporated hydrogel.
5.2.3 Preparation of the liposome-incorporated hydsgel

A sol solution was firstly prepared by mixing TMOB;O, and HCI (0.01N) with
volumes of 562.5uL, 120 uL, and 11.251L, respectively. To facilitate acid hydrolysis,
the sol solution was sonicated in an ice bath &f &n hour. Trapping of the dye-doped
liposomes was made before polycondensation ofdhsatution. That is, the sol solution
was mixed with the phosphate buffer solution (pB) ontaining the liposomes (portion
No.1 or No.2) to facilitate the formation of a getwork. The volume ratio of the sol to
the buffer was 1:10. Formation of the hydrogel o within half an hour.

A sandwich-structured thin hydrogel sample was miagldirst stacking two cover
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glasses together using a double-sided tape ascarsimaform a thin solution chamber.
Then a 50uL sol solution was added to a 50 10 mM phosphate buffer (pH 7.0)
containing the liposomes of specific size and miggdortexing for about 10 s. 40 of

the sample mixture was then transferred and spresadie the chamber. The opening of
the solution chamber was then sealed to prevenhggf the hydrogel sample after

gelation.
5.2.4 Fluorescence modulations

The mobility of molecules encapsulated inside thedomes that were subsequently
incorporated inside the hydrogel in the sandwichcstire was examined by fluorescence
polarization modulation. We used the fluorescenoeutation depth and the phase shift
obtained from the polarization modulation to evé&tuaobility. To obtain the modulation
depth, the experiment was performed by modulatorgicuously the polarization angle
of the linearly-polarized laser excitation for foperiods by manually and continuously
rotating the half-wave plate from O degrees to @2@rees. The polarizing beam-splitter
was used to resolve the fluorescence into a pacalteponent {,, ) and a perpendicular
component (), however, only one component (for examp|e) and its according
detector (for example, detector 1) was used tordetiee fluorescence-time trajectory (a
diagram for the instrumental setup is shown in F@g2, Chapter 2). The fluorescence
intensity versus time was then plotted. The fluorescence time @uidlowed a

cosine-square function as shown below,
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| (t) = Acos at +C (5.1)
whereA is the amplitude of the cosine square cuwes the polarization rotation rateis
time, andC is the minimum fluorescence of the data. Becalisgblarization angle was
rotated manually, we did not have a known, constartiowever this did not matter
because what we wanted to know was the modulaggthd which is related t& only.
Since different samples have different dye conegiomms, it is difficult to compare the
modulation depth by just comparing the amplitud¢hef fluorescence modulation curve.
We calculated the relative fluorescence intensityg generated a new cosine-square

function for the data,

1'(t) =@ =Mcosat+C (5,
ave

where | '(t) is the relative fluorescence intensity, ahg, is the average fluorescenake

the sample during the perio@; is the minimum fluorescence of the new cuiMeis the

relative amplitude, which is the modulation deptithwwhich we used to compare

mobility.

For measurements of the modulation phase shiftexfperiment was performed by
modulating the polarization direction of the linggpolarized laser excitation fronf @o
18C° by rotating the half-wave plate fron? @0 90 with an increment of 5 The
polarizing beam-splitter was used and the totairBacence was resolved into a parallel

component {,, ) and a perpendicular componeit, §, which were subsequently collected

by two APD detectors. The average fluorescencengitte of each componenersusthe
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polarization angle was plotted. The two curves vigte Eq. 5.3 to obtain their respective
modulation phasesy, and ¢,), as shown below,
(5.3)

| = Acos’ (X+ @) + C whereAis the amplitude of
the cosine-square curvejs the polarization anglegis the phase shift relative to that of
the excitation light, an€ is the minimum fluorescence of the data. The plsage (A
between the two fluorescence modulation curveshefsame liposome, with which we
used to compare mobility, was calculated by thiw¥ahg equation,

Ap=g - @) (5.4)

where ¢, and ¢, are the phase shifts of the parallel and perpetaticcomponents

relative to the excitation modulation, respectively
5.2.5 Fluorescence anisotropy bulk measurements

Fluorescence anisotropy measurements of bulk lipeseamples were performed
using a Shimadzu RF-3101PC fluorometer in ordesttmly the mobility of dye-doped
liposomes incorporated inside the hydrogel monsliffhe spectra were recordedigt=
488 nm for FL andlex = 514 nm for R6G. All fluorescence anisotropy ‘\esluwere
calculated based on the following equations,

r :(Ivv -Gl )/(Ivv +ZGIVH) (5.5)
G=1ly/l (5.6)

wherer is the anisotropy an@ is a correction factor used to correct any podian bias
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in the fluorometerlyy, Ivy Inn, andlyy are the fluorescence intensities measured with
different excitation and emission schemes. For gianhyis the fluorescence intensity
with vertically-polarized excitation and verticalbplarized emission, wheredg, is the
fluorescence intensity with vertically-polarized céation and horizontally-polarized

emissio.
5.2.5 Fluorescence anisotropy of FL in single liposnes

We measured the anisotropy of the fluorescent mdscwithin a single liposome
using the home-built fluorescence microscope wittedrly-polarized laser light. To
measure the anisotropy, the liposome was first giouo the laser focus by the
nano-positioning controlling electronics. The cerdkthe liposome was then exposed to
the excitation light for 5 to 10 seconds. Meanwhillee fluorescence intensity was
resolved into two components, and they were recbbyetwo detectors. All fluorescence

anisotropy values were calculated on the basiseofdllowing equation:

I|| (t)_G[lD(t)
Ly () +2[G T (t)

r(t) = (5.7)

where r is anisotropy,l;, and Iy are the fluorescence intensities of the paral a
perpendicular components of the fluorescence eoms§i is a correction factor used to
correct any polarization bias in the microscopee GBhfactor was calculated daily using

FL solution (10°M), by artificially forcing the anisotropy of th&olution to be 0.
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5.3 Results and discussion
5.3.1 Separation of dye-doped liposomes from thede dye residue

It is necessary to separate the dye doped liposinmiesthe free dye solution where
liposomes are formed, so that the free dye molsculéhe solution won’t cause much
interference. The separation was conducted usingag™-10 column (details are
described in the experimental section 5.2.2). Edul shows the results. The curve with
diamonds (A) shows the change in fluorescence sittenf the dye-doped liposomes in
each elution portion whereas the curve with squ@gshows that of the free dye solution
in each elution portion, which was used as a canBoth samples contained the same
concentration of dye. Compared to curve B, thd fi® portions of curve A shows that
there was fluorescence from the first two portiolrs.the Nap“-10 column, larger
particles are eluted out first due to size exclusikhe fluorescence shown in the first two
portions indicates these portions contained dyeeddgposomes. Curve B, on the other
hand, does not show any fluorescence intensitiierfitst two portions since there were
only free dye molecules, which would be kept ingleébed longer due to small molecular
size. From the fourth portion and afterwards, cuB/eshows a steady increase in
fluorescence intensity, due to elution of free gdyelsereas Curve A shows similar trend
except on portion 4 and 5, which has much higheréiscence intensity, possibly due to
the combination of very small liposomes with theefrdye molecules. Based on the

observation, the first two portions were collectedlater study.
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Figure 5.1 The separation of R6G-liposomes frora R6G solution by Ndf' -10
column.
A. The R6G-liposomes sample; B. Free R6G solutgeduas a control.

5.3.2 Fluorescence images

Figure 5.2 shows the fluorescence images of R6@&times (200 nm) entrapped
inside the sol-gel. The image displays well-defisgdular fluorescence spots, indicating
R6G-liposomes. There are almost no non-circularoréacent spots or streaks,
characteristics of the single-R6G-molecule imageslaown in chapter 3. In addition,
when the bright-spot area was shined by the laget; Iho dark state and photobleaching
were observed from it, which are also charactesstf the single-molecule spectra.
Together, these prove that the bright spots are-RffSomes, not single R6G molecules.
The R6G-liposomes image has liposome to backgrantehsity ratio about 10:1.
Compared to blank liposomes that do not contain R&gkecules, the intensity in the

background area of the R6G-liposomes image is highéicating that the background
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contained R6G molecules. The fluorescence frombtekground could be caused by
leaking of a small portion of R6G molecules befangl after the hydrogel gelation. The

dimmer spots in the image are the out-of-focus RpGsomes.
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Figure 5.2 Fluorescence im‘ages of R6G-liposome3 (20) in a hyarogel
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5.3.3 Polarization modulation

5.3.3.1 Polarization modulation depth

Figure 5.3 shows the fluorescence time trace of R@&&cules within the liposomes
that were entrapped either in the hydrogel, insiblation, or directly entrapped inside the
hydrogel. Within this time course, the half-wavatplwas rotated froifd to 360 degrees,
meaning the direction of the excitation polarizatiwas modulated for 4 periods, as seen
in the figure. The polarizing beam-splitter was duge resolve the emission into two
orthogonal componentsl( and |;); however, only one component () and its

according detector were used to record the fluersss-time trajectory. For comparison,
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the same fluorescence component and the same ateteete used for all the three
samples. The fluorescence intensity was normalzeitie average fluorescence intensity
(the instantaneous intensity divided by the aveiatgnsity during this time course), so
that the modulation depth can be compared. Asithued shows, it is very apparent that
the fluorescence emission of R6G molecules was fatetliaccording to the excitation
modulation to different degrees and the moduladiepth reflected the different mobility
of the molecules.

For R6G molecules in the solution, the molecules fagely tumbling, undergoing
Brownian motion. While being excited by the exadatlight at one polarization angle,
these molecules keep tumbling around and theretfogeemission distributes almost
evenly at each polarization direction, forming alezly polarized fluorescence. When it
comes to another excitation polarization angle, shene happens, that is, the quick
reorientation of the transition dipoles of the nooles eliminates the excitation
modulation. Therefore when the fluorescence islvesanto two orthogonal polarization
components, ideally, the fluorescence intensitypath components should be the same
and we should see just a flat line at y =1 in tleelatation figure. However, as shown in
Figure 5.3A, a small modulation with a depth of @d®.2 was shown. This is possibly due
to the different transmission efficiency and detectensitivity at different excitation
polarization angle.

Compared to R6G in the solution, the R6G molecdiesctly encapsulated insider the

hydrogel (Figure 5.3B) has a much bigger modulatimpth (about 1.2). The R6G
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molecules inside the hydrogel were reported to bstiy immobilized according to our
previous resear€h When the immobilized R6G molecules are excited by
polarization-modulated laser lighthe fluorescence intensity are determined by tlgdean
(O between the electric fieIdE) of the excitation light and the fluorescence congu

(in this casel, ) of the emission, which was recorded. Generally, follows acos(6)
curve. WhenE is parallel with |, (@is 0 degrees), the fluorescence intensity recorded
is at the maximum. On the contrary, B is orthogonal tol,, (€is 90 degrees), the
fluorescence intensity recorded is at the minimtiherefore whenE of the excitation is
modulated from 0 to 720 degrees, the fluoresceeeponent |, is modulated in a
cosine-square fashion. As seen in the figure, thdulation depth of immobilized R6G
inside the hydrogel is much larger than that offtee R6G in the solution.

Figure 5.3C shows that the modulation depth (abdi)tof R6G molecules inside the
liposomes (200 nm in diameter) is between free R@gecules and immobilized R6G
molecules, indicating that the mobility of the R@tliposomes molecules are in between
these two. Such observation would be supportedugydscence anisotropy experiments

which measures mobility in a more common way, asldvbe discussed later.
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Figure 5.3 Fluorescence time trace of ensemble R6I&cules for four periods
A: R6G in solution; B: R6G directly entrapped indnggel; C: R6G-liposome
(200 nm) entrapped in hydrogel
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5.3.3.2 Phase shift

Figure 5.4 compares the fluorescence phase sHifR6G molecules in liposomes of
different sizes. The polarization of the excitatiht was modulated from O degrees to
180 degrees by rotating the half-wave plate frotn 80 degrees with an increment of 5
degrees. The emission upon the polarization-moeldilagxcitation was split by a
polarizing beam-splitter into two orthogonally patad componentsl(, andl;), and
their respective fluorescence signals were recolgetivo detectors. For freely rotating
molecules in the solution, similar to the explao@tior modulation depth, the polarization
of the emission is randomized, which means thedsence is equally resolved into two
polarization components at each excitation polionaangle, resulting in the same phase
between the two signals. For immobilized molecusso similar to the explanation for
modulation depth, the emission polarization will stip follow the electric field of the
excitation polarization, and the intensity of eficlorescence component depends on the
angle between it and the electric field of the &atwn ). Both |, and |, follow a

co<(8 curve and they are anticorrelated. That is, wheretectric field of the excitation

aligns withl,, of the emission 4 for |, is O degrees and fol;is 90 degrees), the
signal of |, is at the maximum and the signal bf, is at the minimum. On the other
hand, when the electric field of the excitatiorga withl ;(&for |, is 90 degrees and

for |,is O degrees ), the signal df, is at the minimum and ; is at the maximunSo

for totally immobilized molecules, the two fluoresce signals have a 9(phase
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difference. For intermediate molecules with the iyblying between mobile and
immobile, the phase change is betweérafd 90. The phase difference therefore tells
about the degree of mobility of molecules. The tssshown in Figure 5.4 demonstrate
that in the different sizes of liposomes, the R6Gaoules show different phase shifts
between the two fluorescence curves. In the 100pwsomes (Figure 5.4A), a phase shift
of 73.8 degrees was found betweép and | curves, whereas in the 200 nm liposomes
and 400 nm liposomes, the phase shifts are 58.734uid respectively. The decrease in
phase shift as the liposomes become larger retiealshe mobility of R6G molecules
inside the liposomes are different, with a larggrodome rendering more mobile
molecules, and vice versa. Such observation woeldsipported by the subsequent
fluorescence anisotropy experiments which meastirednobility of R6G-liposomes of

various sizes in a more popular way.
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Figure 5.4 The fluorescence modulations of ense®R6& molecules inside different
sizes of liposomes entrapped in hydrogel.

A. a 100 nm liposome; B. a 200 nm liposome; C. 8 #@n liposome. Excitation
polarization was modulated from 0 to 180 degreed,the signal was measured in two
orthogonally polarized channels. Diamonds and suare the data points. Smooth lines
are the fitting curves.
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5.3.4 Steady-state fluorescence anisotropy

As complementary experiments, steady-state fluerese anisotropy was performed.
Table 5.1 shows the steady-state anisotropy valuBR$G-liposomes in the hydrogel. The
anisotropy of R6G molecules are 0.241 (n=4, stahdawviation is 0.020), 0.214 (n=4,
standard deviation is 0.020), 0.177 (n=4, standakdation is 0.025), in 100 nm, 200 nm,
and 400 nm liposomes, respectively. It was obvibas the anisotropy of R6G molecules
decreases as the liposomes’ diameter increasasatimg that R6G molecules are more

mobile in a less confined environment.

Table 5.1 Fluorescence anisotropy of R6G in difiesamples

Liposomes | Liposomes | Liposomes Hydrogel Solution
100 nm 200 nm 400 nm
0.2410.020 | 0.2140.020 | 0.17#0.025 | 0.30%0.022 | 0.0120.001

For comparison, the fluorescence anisotropy of R@@ecules that were directly
entrapped in a freshly prepared hydrogel was medsiihe anisotropy of R6G inside the
hydrogel is higherr(= 0.30%0.022, n=4,) shown in Table 5.1. In addition, thesatropy
of bulk R6G in the solution was measured=(0.0130.001, n=4), shown also in Table
5.1.

Altogether, both the anisotropy and the fluoreseemodulation measurements agree
with each other. First, the results demonstratet thapping R6G molecules in the

liposomes improved the mobility of R6G in the hygkb (indicated as a smaller
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modulation depth and a smaller anisotropy) comp#wdtiose directly entrapped inside
the hydrogel. As Chapter 3 mentioned, due to eletdtic interactions, R6G molecules
directly trapped in the hydrogel was firmly attedtto the silica surface during and after
gelation process, thus the mobility was highly niesd’. Here we demonstrated that
liposomes are able to protect the entrapped R6@culas from directly contacting with
the hydrogel matrix and thus avoid the electrostatieractions between R6G and the
sol-gel host.

Second, the results demonstrated that R6G trapplggbsomes (no matter what sizes)
have lower mobility (indicated as a bigger modwiatidepth and higher anisotropy)
compared with R6G in the solution. This indicatest twhile on the one hand liposomes
protect R6G molecules from directly interactinghwibhe hydrogel network, on the other
hand, the submicroscopic confinement that the bpees exert on the molecules affect the
mobility of the molecules. It has been reported thalecules under the nanoscopic or
microscopic confinement behaved differently in viefasolvation dynamics, compared to
those in the bulk solutidd®'®'? Generally, the solvation dynamics display two
components: a fast component and a slow compowdrite the fast component may be
ascribed to the dynamics of the solvent molecuéssding in the water pool of the
compartment, the slow component originates fronmstivéace retardation effect inside the
confinement. Similarly, the mobility of R6G moleesl in the liposomes could be
explained as the co-functioning of a fast componamd a slow component. R6G

molecules residing at the lipid surface represesibev component and the molecules in
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the water pool represent a fast component. Theedeerin mobility inside the liposomes
compared to those in the solution could be expthagethe influence of the slow mobility
at the surface. For R6G in the liposomes, the sfmhility at the lipid surface may come
from several factors as listed below. (i) As mem¢éiod above, the solvation dynamics of
R6G at the surface is slower. (i) DMPC is knownagwitterionic lipid carrying a

positive charge and a negative charge at its hyiliophead group. The structure of

DMPC is shown below (Figure 5.5A),

Figure 5.5 Structure of DMPC (A), R6G (B), and &) (

Thus R6G molecules could be attracted to the negatart at the head group of
DMPC lipid due to electrostatic interaction. (Mjith 2 methyl and 3 ethyl side groups (as

shown in Figure 5.5B), R6G could be attracted #of#tty alkyl groups of thigid bilayer
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through hydrophobic interaction, similar to the widat some membrane proteins are
anchored to the biological membrane. (iv) The -Nbug of the R6G molecule could also
form hydrogen bonds with the oxygen atoms at tpa&l lhead group. Together, these
interactions restrict the mobility of R6G molecusdhat area.

Third, the results demonstrated that, for R6G-lgmss of all three sizes, R6G
mobility increases as the liposomes’ diameter @ses (indicated as decreasing
modulation phase shifts and decreasing anisotrppiss can be explained as follow. As
the diameter increases, both the surface areahendolume of the water pool increase.
However, the increase in the volume is larger tin@nincrease in surface. As a result, the
fraction of molecules in the water pool versus ¢éhatthe surface increases. Therefore the

mobility of R6G in the liposome increases.
5.3.5 Fluorescence anisotropy of single FL-liposorse

The fluorescein (FL) molecules inside differentesiof liposomes were also studied.
Table 5.2 shows that the average anisotropy of lFLA0 nm, 200 nm, and 400 nm
liposomes are 0.160 (n=29, standard deviation (),03924 (n=29, standard deviation
0.024), and 0.063 (n=21, standard deviation 0.0&%pectively. Figure 5.6 shows the
anisotropy distribution histogram of FL moleculeside 100 nm (Figure 5.6A), 200 nm
(Figure 5.6B), and 400 nm liposomes (Figure 5.6€3pectively. Through the comparison
of the histograms, it was very apparent that tieesttend was followed, that is, the larger

the size of the liposomes, the smaller the anipgtf FL molecules in the liposomes.
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These results indicate that, similar to R6G molesuhside the liposomes, FL molecules
enjoy more rotational motions in a less confinethpartment. This can be explained as
follow: as the diameter increases, the volume efwlater pool increases more than the
surface area does, and therefore the fraction decutes in the water pool to the
molecules at the surface increases, resulting innarease in FL's mobility in the

liposome.

Table 5.2 Anisotropy of FL in liposomes of diffetesizes

Liposomes Liposomes Liposomes
100 nm 200 nm 400 nm

0.160+ 0.039 0.124- 0.024 0.063 0.024

Compared to R6G-liposomes, the decrease in thetampy of FL is more dramatic as
the liposomes’ size increases: a 61% decrease I@nnm to 400 nm. This could be
because the FL molecules at the lipid surfacertm@esent the slow (mobility) component
are less attracted to the lipid surface compareB@@6 molecules at the same area. As
Figure 5.5 shows, the electrostatic interactiomveen zwitterionic DMPC and negatively
charged FL might help to draw some FL moleculeselm the lipid surface. However,
unlike R6G, FL is more hydrophilic. The solubiliby FL disodium salt (600 g/L) in water

is 30 times larger than that of R6@t{p://www.chemicalland21.comSo it is more likely

that FL prefer to stay in the water pool or at tedshe lipid-water interface that close to

the water pool, rather than inside the lipid bilaye addition, FL is unlikely to form
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hydrogen bonding with the lipid, which otherwisegimi help attracting FL to the lipid

surface.
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Figure 5.6 The fluorescence anisotropy distribubd&L-liposomes
A. 100 nm liposomes; B. 200 nm liposomes; C. 400ippsomes
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5.4 Conclusion

We examined how the submicroscopic confinementteddsy the liposomes might
affect the mobility of the charged molecules enoéied inside. R6G and FL molecules
were chosen as fluorescence probe due to theirstpprharge and similar structure. R6G
and FL molecules were entrapped inside the substopic liposomes of various sizes
(200 nm, 200 nm, and 400 nm in diameter), whichevgarbsequently incorporated in the
hydrogel. Fluorescence modulation and fluorescancstropy were used to measure the
mobility.

Trapping R6G molecules in the liposomes improvee mmobility of R6G in the
hydrogel. This confirmed that liposomes were alde ptotect the entrapped R6G
molecules from directly contacting with the hydrbgeatrix and thus avoid the
electrostatic interactions between R6G and thegsbhost.

R6G in the liposomes in the hydrogel had lower nitybcompared to R6G in the
solution, indicating that while avoiding a direataraction with the hydrogel, liposomes
also exerted a confinement effect on the mobilityR6G trapped inside. The restricted
mobility might come from the R6G population resgliat the lipid bilayer and at the
lipid-water interface, which are less mobile dueatacombination of several factors,
including slower solvation dynamics, electrostatiteraction, hydrophobic interaction,
and possibly hydrogen bonding.

Among all R6G-liposomes, R6G mobility increase &g fiposomes’ diameter
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increases. Our explanation for this result is: fas ltposomes become larger, both the
surface area and the volume of the liposomes iserddowever, the volume increases
more than the surface area does, resulting irgaddraction of FL population in the water
pool and therefore an increase in mobility.

Study of FL molecules inside liposomes of varioizes also indicates that FL
molecules enjoy more rotational motions in a lesgioed compartment. Meanwhile, it is
noticeable that there is a dramatic decrease (61% the anisotropy of FL as the
liposomes’ diameter changes from 100 nm to 400 ecompared to those of R6G. This
implies that the FL molecules residing at the stefenight be less attracted to the lipid
surface, compared to R6G molecules. Thus, the Rlulption with a slow mobility

attributes less to the overall mobility of FL maldes as the liposomes’ size increases.
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