IOWA STATE UNIVERSITY

Digital Repository

. . Towa State University Capstones, Theses and
Graduate Theses and Dissertations y-ap v )
Dissertations

Developing new optical imagingg‘echniques for
single particle and molecule tracking in live cells

‘Wei Sun

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
& Part of the Chemistry Commons

Recommended Citation

Sun, Wei, "Developing new optical imaging techniques for single particle and molecule tracking in live cells" (2010). Graduate Theses
and Dissertations. 11783.
https://lib.dr.iastate.edu/etd /11783

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd/11783?utm_source=lib.dr.iastate.edu%2Fetd%2F11783&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Developing new optical imaging techniquesfor single particle and moleculetrackingin live

cells

by

Wel Sun

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Analytical Chemistry

Program of Study Committee:
Ning Fang, Major Professor
Robert S. Houk
Klaus Schmidt-Rohr
Xueyu Song
Robert L. Jernigan

lowa State University
Ames, lowa
2010

Copyright © Wei Sun, 2010. All rights reserved.

www.manaraa.com



TABLE OF CONTENTS
A B ST R A C T . et v
CHAPTER 1. GENERAL INTRODUCTION oottt et e et e s s e s e e eees 1
RIS (=T 1o ST 23
FIQUIES .t e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaes 30

CHAPTER 2. ENDOCYTOSISOF SINGLE MESOPOROUS SILICA NANOPARTICLE
INTO LIVING HUMAN LUNG CANCER CELL (A549) OBSERVED BY

DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY  ....ccoiiiiiiiiiiiiiiiieeeeeees 38
Y 013 1 =X PSPPSR PP PPRPPPPRR 38
IpTiqoTo [UTot i o] o DO P PP PP PP P PP PPPPRPN 39
o q o= ] 0 =T 0] = 41
RESUILS AN DISCUSSION ...ttt e e e e r e e e e e e e e rreaeeeeens 43
CONCIUSION .ttt et e e et e e e et e e e s e e e e e e e e e e 46
RETEIEINCES ...ttt e e e e e e e e e e e e e e e e e e 48
FIQUIES .o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaes 52

CHAPTER 3. WAVELENGTH-DEPENDENT DIFFERENTIAL INTERFERENCE
CONTRAST MICROSCOPY: SELECTIVELY IMAGING NANOPARTICLE PROBES

IN LIV E CEL L S oottt e e et ettt e e e e et e e eebba e e e e e e eenbtana e eaaaeenes 57
Y 013 = Tod ST PP E P PP PPPPPPPRR 57
1] oo (8o (o] o F TSP PPTPPPPPPPN 58
EXPEIMENTAL ... ———————— 59
RESUILS AN DISCUSSION ...ttt e e e e e e e e e e e e e e e rreaeeeeeas 61
CONCIUSION ..ttt e e et e e et e e e et e e e e e e e e nne s 66
RETEIEINCES ...ttt e e e e e e e e e e e e e e e e e e e 67
FIQUIES .o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaes 71

CHAPTER 4. RESOLVING ROTATIONAL MOTIONS OF NANO-OBJECTSIN
ENGINEERED ENVIRONMENTSAND LIVE CELLSWITH GOLD NANORODSAND

DO Y L1 =@ 1S L@ ] = 2T 76
A 0 1Y 1 = T2 AP PP 76
)0 To [U o3 110 ] o FRFU T 77

www.manaraa.com



o q o= ] 4 =T o] = 78
RESUILS AN DISCUSSION ......eiiiiiiiiiiee ittt ettt e st et e e e ee s 81
[©70] 0 (o1 11 ][] o TP PRP PP PPPPP 87
RETEIBNCES ...ttt 88
10T =P 93
LTS0S PP PPPPPPPPPRPPTP 99
CHAPTER 5. ROTATIONAL MOTIONSOF ENDOCYTIC CARGOS ... 109
Y o153 1= Tod SO P PP PPRTPPP 109
INEFOTUCTION ...ttt e ettt e ekt e e e et e e e e et r e e e s nbnreeeeaae 110
EXPEIIMENTAL ..o e e e e e e e e e e e e 111
RESUILS AN DISCUSSION ......eiiiiiiiiiiei ittt e e e e e e eas 114
CONCIUSION ...ttt e et e et e e e e e e e e e et e e e e e e e 119
RETEIEINCES ...ttt e e e e e e e e et e e e e e e e e as 120
10T (=P 125
CHAPTER 6. DYNAMIC ORIENTATION OF NANO-CARGOSDURING
MICROTUBULE-BASED INTRACELLULAR TRANSPORT ...ooiiiiiiiiiiiiiieieiienieeiiieeiiees 130
ADSEIACT ...ttt e 130
1100 (8 [ox (o] o FA O PP PP PPPPPPPPPRPPPP 131
EXPENMENTAL.... ..o 132
RESUILS AN DISCUSSION ...ttt e e e e e e e et e e e e s e r e e e e e s 134
CONCIUSION ...ttt et e e e et e e e et e e e e e s 137
RETEIENCES ... ettt e e e e 139
10T =P 142
CHAPTER 7. AXONAL TRANSPORTATION OF GOLD NANORODS STUDIED
WITH DIC MICROSCOPRY ittt e 146
Y 011 = od SO P PP PPRTPPP 146
T YEqoTo [UTo1 i o] o D PP PP P PR PUPPPPRPPPPRTI 147
EXPEIMENTAL ... et 148
RESUILS AN DISCUSSION ......eiiiiiiiiiiei ittt e e 150
(0] [ 11 ][] o PP PP PPPPP R PPPPN 152

www.manaraa.com



R (] (=] 10T 154
T T 1= PP 159

CHAPTER 8. AUTO-CALIBRATED SCANNING-ANGLE PRISM-TYPE TOTAL
INTERNAL REFLECTION FLUORESCENCE MICROSCOPY FOR

NANOMETER-PRECISION AXIAL POSITION DETERMINATION .....cciiiiiiiiiiees 164
Y 011 = od S PEPPPEE P PP PPPTPPP 164
T YiqoTe [UTot i o] o DT PP PP RO P PR PUPPPPRPPPPRPT 165
EXPEIMENTAL ... 167
RESUILS AN DISCUSSION ...ttt e e e e e et e e e e e e e e e e e e e e s 168
CONCIUSION ...ttt e et e et e e e e e e e ettt e e e e e e e e 176
RETEIEINCES ...ttt e e e e e e e e e e e e e e e e as 177
T T 1= PP 181

CHAPTER 9. WHOLE CELL SCAN USING AUTOMATIC VARIABLE-ANGLE AND
VARIABLE-ILLUMINATION-DEPTH PSEUDO TOTAL INTERNAL REFLECTION

FLUORESCENCE MICROSCOPY ittt e e et e e eeeees 186
ADSTIACT ...t 186
1100 (8 ox (o] o FR TP PP PPPPPPPPPPPPP 187
EXPEIMENTAL ... 188
RESUILS AN DISCUSSION ...ttt e e e e e et e e e e e s e r e e e e e s 191
CONCIUSION ...ttt e et e e e e e e e e e e e e e e e e aenes 193
RETEIEINCES ...ttt e e e e e e e e e e e e e e e e as 194
B UIES ettt oot e e e e e e e e e e e e e e e e e s 197

CHAPTER 10. GENERAL CONCLUSIONS. ... .ot 203

ACKNOWLEDGEMENTS ...ttt e e 206

www.manaraa.com



ABSTRACT

Differential interference contrast (DIC) microscopy is affelid as well as wide-field
optical imaging technique. Since it is non-invasive and requires noeatapiing, DIC
microscopy is suitable for tracking the motion of target moleculdive cells without
interfering their functions. In addition, high numerical aperture objectimdscondensers can be
used in DIC microscopy. The depth of focus of DIC is shallow, whichsgBdC much better
optical sectioning ability than those of phase contrast and dark fieidgsoopies. In this work,
DIC was utilized to study dynamic biological processes including endocytakisteacellular
transport in live cells.

The suitability of DIC microscopy for single particle tracking irelcells was first
demonstrated by using DIC to monitor the entire endocytosis processmoiesnporous silica
nanoparticle (MSN) into a live mammalian cell. By taking advamts#fghe optical sectioning
ability of DIC, we recorded the depth profile of the MSN during the enddsyposcess. The
shape change around the nanoparticle due to the formation of a vesicleoxzgalsed.

DIC microscopy was further modified that the sample can be illusdrend imaged at
two wavelengths simultaneously. By using the new technique, noble medtglanacles with
different shapes and sizes were selectively imaged. Amibtizge examined metal nanopatrticles,
gold nanoparticles in rod shapes were found to be especially useful. e Enisotropic
optical properties, gold nanorods showed as diffraction-limited syttslisproportionate
bright and dark parts that are strongly dependent on their orientatios 3Dtspace. Gold
nanorods were developed as orientation nanoprobes and were successfutiyesed the
self-rotation of gliding microtubules on kinesin coated substrates. Gotdaus were further
used to study the rotational motions of cargoes during the endocytosis acellulatransport
processes in live mammalian cells. New rotational informationolv&sned: (1) during
endocytosis, cargoes lost their rotation freedom at the late stagternalization; (2) cargoes
performed train-like motion when they were transported along the microtuéwerk by
motor proteins inside live cells; (3) During the pause stage of fast axansport, cargoes were

still bound to the microtubule tracks by motor proteins.
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Vi

Total internal reflection fluorescence microscopy (TIRFM) is la@ohon-invasive and
far-field optical imaging technique. Because of its near-field ithation mechanism, TIRFM
has better axial resolution than epi-fluorescence microscopy anctabnfizroscopy. In this
work, an auto-calibrated, prism type, angle-scanning TIRFM instrument wasTineilincident
angle can range from subcritical angles to nearly 90°, with an angteairitss than 0.2°. The
angle precision of the new instrument was demonstrated through the findingoffte
plasmon resonance (SPR) angle of metal film coated glass slide. Tmestresment improved
significantly the precision in determining the axial position. Assaltethe best obtained axial
resolution was ~ 8 nm, which is better than current existing instrumenligrsimfunction.

The instrument was further modified to function as a pseudo TIRF microSduope.
illumination depth can be controlled by changing the incident angle of the exclter beam
or adjusting the horizontal position of the illumination laser spot on thmpop surface. With
the new technique, i.e., variable-illumination-depth pseudo TIRF microscopyhtie cell

body from bottom to top was scanned.
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CHAPTER 1. GENERAL INTRODUCTION

Dissertation Organization

This dissertation begins with a general introduction (chapter Igwedl by 8 chapters
presented as eight scientific manuscripts including cited literaabkes and figures.

Chapter 2 shows an experimental example demonstrating the optical sectimlityngfa
DIC microscopy and its suitability for 3D tracking in live cells.histchapter, the tracked
mesoporous silica nanoparticle (MSN) was fluorescent labeled todeelfify the MSN from
other cellular nano-objects.

Chapter 3 describes a hew method to distinguish and identify nanopdrtotesther
cellular nano-objects. The new method is based on the localized sugse®p resonance

(LSPR) effect of noble metal nanoparticles, and it requires no ficent labeling.

Chapter 4 describes the application of using gold nanorods as rotatwines.pfhe new
method was demonstrated useful by studying the self-rotation of microtubWasesim coated
substrates.

Chapter 5 provides one more example of using gold nanorods as rotaitional proles in li
cells. The translational motion and the rotational motion of cargoes doarentiocytosis
process were recorded and analyzed. By using the new technique, theisgiat point of the
vesicle’s cut off from the cell membrane was extracted precisely

Chapter 6 further studies the rotational motions of cargoes duriagetitiar transport. To
confirm that the moving track for gold nanorod inside live cells wasotulbule, a normal DIC
microscopy was modified to function as DIC and epi-fluorescence microscopyasismsly.
The whole process of intracellular transport of gold nanorod including dociangpbrt and
unbinding was recorded and analyzed.

Chapter 7 studies the axonal transport in neuron cells. Both the pause andageseft
active axonal transport were captured. The results showed tltairtfoms were still bound to
the microtubules during the pause stage. The move or pause of cargoesnadatermined

by the net force placed on the cargoes by different directional motoingrote
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Chapter 8 describes an auto-calibrated scanning angle prism-tylpetéstaal reflection
fluorescence microscopy (TIRFM). The new TIRFM instrument can geoaxial resolution
better than 10 nm.

Chapter 9 shows the further modification and application of the newly develtREM
instrument. The TIRFM was modified to function as variable-ilhation-depth pseudo TIRFM.
And the illumination depth can be controlled through changing the incident angliistirey
the horizontal position of the laser spot on the prism surface. By usingptliied instrument,
the whole cell body from the bottom to the top can be scanned.

Chapter 10 summarizes the whole dissertation work and provides sospegiive for

future research.

Introduction

In my home country China, there is an old saying: “what you heard is questionaht
you saw is trustable.” It points out the importance of our eyes: the sncatjected by eyes are
the concrete evidence that convinces us, and thus “seeing is believingeVét, human eyes
are not omnipotent; they have their own limited detection sé¢apenstances, only the “visible”
light with wavelength ranging from 400 nm to 700 nm can be detected ylipgatiaked eyes;
unaided human eyes cannot resolve details of a human face at a disthikoe We have to
rely on special tools to help extend the detection scope of naked eyes:rgessia magnifier
made of a single convex lens to much more complex microscopes; from early phititogra
films to more sensitive, modern detectors such as charge coupledsdgCD},
photomultiplier tubes (PMT)and avalanche photodiodes (ABDjhe great achievement in
imaging instrumentation greatly benefits the progress in analytiddiaanalytical fields and
expands our knowledge over the past several detades

Among all the microscopy techniques (optical, electron and scanning probeypica),
microscopy emerged first and has been pursued by humans in the pasiceeveras. The
credit for the first complex optical microscope (more than 1 opticapoaent) is generally
given to Zacharias Jansen (1580-1638) around the year 1595 with the help froniéis fart

Since then, early microscopes underwent rapid developmentteaxcted people’ high attention.
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However, the further application was hampered by two optical aberratlyrsmherical
aberration--peripheral rays and axial rays have different focalgpd) chromatic
dispersion—light beams with different wavelengths are refraotddferent extents. The
optical aberrations resulted in the blurring of the images in eaiilyabpticroscopy. The
aberrations were not successfully solved until new types of highriuaingperture objectives
were invented by Ernst Abbe and Carl Zeiss in the Idfec#8tury. Simultaneously, the
gradually improved theory predicted the resolution limit (d denmula 1) of optical

microscopy, which is still being used today:

1.22)
d= N.A.(obj.)+NA(cond.) (l)

whereh is the wavelength of light; N.A.(obj.) and N.A.(cond.) are the numenuatares of the
objective and condenser, respectively. Numerical aperture is defitieel mdractive index of
the imaging medium (n) multiplied by the sine of the aperture aagl&l(A.= n ¢ sin ). Itis
straightforward that to improve the resolution, the numerical apsrafrthe objective and the
condenser have to be maximized.

The basic and simplest type of optical microscopyright field microscopy (figure 1),
which depends on the opacity of the specimen. However, in practice, théransparent
samples that have insufficient natural pigmentation or are too srealuBe they lack opacity,
the samples don’t absorb light much and are thus barely visible in bright fielmsoopy. To
overcome this obstacle, different contrast-enhancing techniquedifféttent illumination
schemes have been invented.

Dark field microscopy

In 1903, dark field microscopy (DF) was invented by Richard Adolf Zsigmondy, an
Austrian chemist and Nobel Prize winner in 1923. A schematic configuratidR oficroscopy
is shown in figure 1. In DF microscope, the numerical aperture of thesedis always larger
than that of the objective. There is an annular stop in the condeiisérblocks the central part
of the illumination light beam coming from the base of the microscope. eemis no sample
on the microscope stage, the entire field of view appears dark thus the mirieldla

microscopy. When a sample is placed on the stage, the oblique illuminalibodig strikes the
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sample and creates scattered rays that are captured by thevelfjecti lens. In the DF image,
the structures of the specimen appear bright against the dark background amel inece
detectable. It is similar to the effect by which we can see thesianing in the sky much
easier at night than in the day.

DF microscopy allows low contrast samples in bright field microscojne texamined. For
example, metallic nanoparticles that are larger than 20 nm can beedetadily in DE
However, DF microscopy also has its own drawbacks. For example, tosethessignal, the
sample needs to be illuminated by a strong light source, which canpaaatal
photo-damage to the sample. In addition, it was noticed that when eukaryoticezells w
observed, the scattered light around the cell nucleus could be too sthbogktthe structural
details of neighboring fine cellular featufes
Phase contrast microscopy

In 1934, Frits Zernike, a Dutch physicist, described a new microscopy metho@teeobs
thin and unstained biological samples like live &ellhie new method is named phase contrast
microscopy (figure 1), which utilizes very small refractive inddfedences existing among the
surrounding aqueous solutions, the cell cytoplasm and the cell nucleus. Totveefralex
differences shift the phase of the wave front to varying degrkes the light passes through
different parts of the cell. Compared to dark field microscope, phase conitasscope has a
similar annular stop in the condenser, and it has an additional phase ringljettievze pupil.
The phase ring attenuates the light directly coming from the phase shapasindenser and
adds a constant phase shift to this light. The light rays comingdiféenent parts of the cell
have varying phase shifts and most of them do not pass through the phase ring. Twb types
beams are superimposed in the intermediate image plane, where thiéy angttenuate each
other through interference. As a result, the phase differences iheidample are converted
into light intensity differences which are visible to the eye. iéne method earned the inventor
the Nobel Prize in 1953 and is still a major imaging tool utilized in mathypicébgy labs
today.

Compared to DF, phase contrast microscope does not need a stronguligbt But it has

one different accompanying problem--light haloes surrounding the stricitders. In case of
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thick specimens, it is more annoying since the haloes can be superimposeithma over,
and the optical sectioning ability of phase contrast microscopy is reduced.
Differential interference contrast microscopy (DIC)

DIC microscopy, also known as Nomarski Interference Contrast or idkinmaicroscopy,
is an optical microscopy technique developed by Georges Nomarski in 1955. G topdeiek
field and phase contrast microscopies, DIC adopts a much more sophisticateel. 3thas two
additional polarizers and two Nomarski prisms inserted in the light patbrajte field
microscope (figure 2). In an upright DIC microscope, the first polagsmdrithe Nomarski prism
lie below the condenser. The first Nomarski prism splits the incomirzgiped illumination
light passing through the first polarizer into two orthogonal polarizeshb&dth lateral
displacement a little smaller than the resolution limit of thjecatlve. Then the condenser
directs the two beams to the sample placed on the microscope stagat@hmediate images
of a sample are formed by the two independent orthogonal vibration beamscading se
Nomarski prism on top of the objective removes the lateral displaceaestd by the first
Nomarski prism and shifts the two intermediate images. Then the twgesnpaoject their
orthogonal vibration light components to the vibration direction of the secoadzeolto
interfere with each other to generate the amplitude contrast. Tge toatrast is contributed by
the optical path difference, which is introduced by the specimen regfridm the refractive
index gradients inside the specimen.

DIC microscopy can detect fine structures such as unstained uhigkesg (25 nm in
diameter§*!, metallic nanospheres as small as 1&nfihe sample images obtained in DIC
have a unique feature: the specimen image always has a bright andidalaridgt appears to
be three dimensional. The effect is much like when a subjekingnlated and shadowed by a
point light source. Compared to phase contrast and dark field micro&i@pkias no halo
effect and produces less light scattering. More importantly, sirjeetades and condensers with
high numerical apertures can be used in DIC, the depth of focus is shallow,enbliles DIC
to perform optical sectioning with minimal interference from obscuwstngctures above and

below the focal plarfé
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Electron microscopy (EM)

As predicted in formula 1, there is a limit to the resolution obthinen optical
microscope operated with visible light: a little better than 250 nnrmWhA. is 1.4 and. is 550
nm. The resolution of an optical microscope can be further improved whavialkt (UV)
light is used’. For example, a 250 nm microscope allows for an increase in resolving gawer o
factor of around 2 compared to a 500 nm microscope. However, more expensiak opti
components are required when operating the microscope with UV light béeausaterials
are suitable for producing focusing lenses at very short waveléhgosnmonly used
refractive materials made of glass become opaque at short wdtisldog to their strong
absorption of UV light, while others (such as quartz) may exhibit biggfnce which is not
welcome in DIC.

To further push the resolution, a totally new type of microscopy techniquievesded:
electron microscopy (EM). In 1931, Ernst Ruska invented the EM for which he worolie N
Prize in 1986. The basic principle of EM is based on the wave-particigydafahe electron.
The wavelength of the electron beam can be defined as formula 2.

Ar=— (2
Wherel is the wavelength) is Planck's constamnt) is the mass of the electronis the velocity
of the electron. When electrons are accelerated in a vacuum, threlemgth can be extremely
short--only one hundredth that of the visible light. Because of the much shontémation
beam wavelength, EM is a technique that possesses much betigiigrsbbn an optical
microscopy. Then electron microscope can be used to examine specimeagsroder much
smaller scale than an optical microscope. A standard EM is usudlyrped at very low
pressures. The purpose is to reduce the collision frequency of esegitbrgas atoms to
negligible levels, and thus increase the mean free path of electrmw pressure also helps
avoid generating an arc between the electron source and the ground whenaliaerge voltage
difference between them.

The EM usually consists of an electron gun, anode, electrostatic oetitalgnses,

apertures, specimen stage and image recording system (figure 3)edthenetource produces
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electrons that are accelerated by an anode and are focused by electostagnetic lenses.
The apertures help filter out scattered electrons. Then the monotisrelaeatrons interact with
the specimen. These interactions can be recorded in an image fdetebtors such as a
fluorescent screen coated with phosphor material or CCD camera.

Scanning electron microscope (SEM)*® andtransmission electron microscope (TEM)Y
are the two common types of EM, both of which can provide significantly ihigkelution than
optical microscopes. SEM images the sample surface by rastermrgrdmith a beam of
high-energy electrons a few nanometers in diameter to producéssiggitacontain information
about the sample's surface topography. Specimens that can be imagednmSBEé
electrically conductive. Nonconductive specimens are therefore usoaligd with an
electrically-conducting material (usually gold) by vacuum evapmrdat make the surface
conductive. At each point on the specimen surface the incident electrarekelaanges energy
with the sample and generates signals in different forms, sueimigsion of low-energy
secondary electrons by inelastic scattering or emission of elegratic radiation. Specialized
detectors record the varying intensity of these signals in thedoeahere the signals are
generated and convert them into the final images.

In TEM, the electrons have higher speed since they need to pasghithe sample. Thus
the anode’s voltage and corresponding velocity of electrons in TEM is tigirethat in SEM,
and TEM generally possesses better resolution than SEM. To hellethens travel through
the sample, the thickness of TEM specimens are required to be onlyenfeaf hanometers
which is comparable to the mean free path of the ele¢tréhF hick specimens need to be
sectioned to thin slices that are transparent or semitranspaedactrons. A diamond or
disposable glass knife can be used to produce ultrathin slices ab@n@d thick.

Scanning tunneling microscopy (STM) was another type of EM invented by Gerd Binnig
and Heinrich Rohrer in 1981 and the new technique won the inventors the Nobel Prize in
1986*° ?°The principle of STM is based on the concept of quantum tunneling. In classic
physical world, electrons can’t penetrate through the barrier betwe®dacting tip and the
to-be-examined surface as long as they don’t physically contaatev¢r, in the quantum world,

electrons have wavelike properties. The probability of an electron being oth#reside of the
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barrier is small but larger than zero. Given enough electrons, sottriedewill tunnel through
the barrier. In STM (figure 3), the tunneling current between the ctinduip and the
to-be-examined surface is created by bringing the tip very close (@afemmeters) to the
surface and applying a bias voltage between them. The resultingingnnalrent depends
greatly on the applied voltage and the distance between the tip apetireen surface. The tip
is a very sharp needle usually made of metal and is connected to an3idimaépositioning
device made of piezoelectric materials discovered by Pierre @ut&80. When working in the
constant current mode, the tip scans the sample surface followiogadtgaphy with angstrom
precision, and the tunneling current carried by the outermost atom of the tiptis en
feedback electronic loop. If the tunneling current exceeds the pre-gef tra tip is moved
away from the sample surface, and vice versa. The topography of the samfigte is acquired
and reconstructed in image forms. STM offers down to atomic level resointi
three-dimensions of object and is still the strongest microscope to date

Non-conductive samples can’t be examined directly in STM becaused8p&hds on the
flow of the tunneling current and thus requires a conductive substratecoNdaoctive sample
can be coated with a conductive layer such as gold like that perfanr&&M and TEM. But
this coating procedure may mask fine features of the sampien ie best resolution is desired,
STM operates in a high vacuum environment since oxygen or water molecylesidiae and

contaminate the surfaces of the sample and the sharp scanning tip.

Scanning probe microscopy (SPM)

After the invention of STM, several other different kinds of high resmiuPM
techniques were following invented, one of whichtiamic force microscopy (AFM) or
scanning force microscopy (SFM¥

AFM was first invented by Quate and Gerber in 1986. The AFM consiatsanitilever
with a sharp tip as the scanning probe at the cantilever’s ende(Byurhe sharpness of the tip
greatly affects the final resolution and is then controlled to be on theafrdanometers or
even smaller. As in STM, the motion of the tip over the sample surfalee X, Y and Z

directions is generated by piezoelectric ceramics. When the tip is birotgptoximity of a

www.manaraa.com



sample surface, Van der Waals force between the tip and the suotaes. The force can be
either the short range repulsive force (in contact-mode) or the lomggr a#tractive force (in
non-contact mode). Under the force, the cantilever deflects and perfation that is
governed by Hook's law. The deflection can be precisely measured by andseposition
sensitive detector which consists of two closely spaced photodiodeslighses reflected
from the top of the cantilever into the array of photodiodes. Deflectitreafantilever results
in one photodiode collecting more light than the other photodiode, producing an ogmyadit si
collected by a differential amplifier. The signal is sent to difaek electronic circuit to control
the position of the Z piezoelectric ceramic to maintain a constantlfetesen the tip and
sample surface. By recording the Z-directional motion of the tip asnis szaoss the sample
surface in X and Y directions, a three dimensional image of the suriate e@nstructed. Like
all the other scanning probe microscopes, the scanning speed of an &sFMiswtation for its
application. Traditionally, an AFM requires several minutes fopedy scan.

High resolution AFM has been demonstrated to possess comparabléagrgoliEM, and
even to STM* % One advantage of AFM over EM is that the sample doesn’t requireah met
coating which would irreversibly change or damage the sample. BeskeMsjot only can
function well in ultra-high vacuum environment, it can also work properly ianabient air or
even a liquid environmefit This makes it possible to study living biological samples such as
live cells in their physiological conditions by using AFM.

Near-field scanning optical microscopy (NSOM) is another type of SPM for
nanostructure investigation that breaks the optical diffractioit’(i*>. The interaction between
the light and a specimen generates both near-field and far-fiel¢tigigonents. The far-field
light propagates through the space in a diffraction limited mannesahd main light
component utilized in a conventional far-field optical microscope. The reddtifjht
component carries more high-frequency spatial information of the spebumelecays
exponentially from the sample surface. The decay distance ih#asene wavelength of the
light and is hard to be captured by far-field optics. To utilize ancttte near-field light
component to obtain spatial resolution much smaller than the lightatiifindimit, NSOM has

been invented' *°
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The pioneering work describing NSOM imaging technique at visible wag#i was first
published by two groups of scientists: one group at IBM Corporation's Zurictatab8tand
the other one at Cornell Universityln a practical NSOM, the probe is placed close to the
specimen surface with distance smaller than the light wavelengging(#). The probe is
usually made of an elongated, metal-coated optical fiber with a nanomaieeaperture
fabricated at its end. The aperture can be used as a localized liglet @osignal collector only
allowing the near-field light to pass through. When being used as ligltesowar-fieldight
travels through the probe aperture, and the signal can be collected by arcoriumoscope
objective; when being used as a signal collector, the samgiensnibted from a large far-field
light source, and the probe collects and directs the near-field sigaaluitra-sensitive detector
such as PMT. Similarly, the probe can function as both the light source aaticatiector
simultaneously. Like in the other SPM techniques, the NSOM imagestaieeabby scanning
the probe over the specimen surface in close proximity using a 2Befgetric stage. In an
aperture NSOM, the resolution of the image is limited by the siteeadperture instead of by
the wavelength of the illumination light.

Since the amount of light that can pass through a small apertitsethim strength of the
illumination light or signal, the aperture size and the correspondinigitiesccan’t be infinitely
small. People recently tried to develop aperture-less N8&Mrhe metallic tip used in the
aperture-less NSOM is very sharp and does not have a hole in itniitimg sharpened
metallic tips can lead to oscillating surface charges which peosigaificant near-field
enhancement. The near-field enhancement converts the evanescerihtegwepagating

waves which can be detected by far-field optics.

Fluor escence microscopy

Different from AFM, NSOM can also be classified as an opticalesgwpy and it permits
the user to collect signals using a different contrast enhan@tigppd—fluorescence. The
phenomenon of fluorescence was first described and named by British sGeotge G.
Stokes in 1852. He observed that the mineral fluorspar emitted red hghtitwas illuminated

by UV light. The molecules responsible for fluorescence emissioreifisiorspar and later

www.manaraa.com



11

discovered auto-fluorescent materials are termed fluorophore. Nosyadegriety of
fluorophores are used extensively in live cell investigatiorsdain sub-cellular components.
Those fluorophores were first extracted from natural products. Later, effang have been
devoted in synthesizing and developing new fluorescent probes such as ivlere sta
fluorophores derived from Fuorescein isothiocyanate (FfTGuantum dots (Qdot§)**and
derivatives of green fluorescent protein (GERBFP was first discovered from the jellyfish
Aequorea victorian 1994, and it could be fused with other proteins in many cell types to form
fluorescent fusion proteiffs This discovery helped researchers to specifically label suldarell
components and led to the considerable progress in single cell &tdtiEkiorescent probes

are of critical importance in the modern life sciences.

Along with the rapid development of fluorescent probes, extremelytisendetectors such
as back illuminated electron multiplying CCD which allows the detectiaingfe molecules
were invented. More stable fluorescent probes and more sensiticeodetaake fluorescence
microscopy an essential tool in biology and biomedical sciéh&iace there are various
fluorophores that absorb light and emit fluorescence at differenievegths, components of
interest in the specimen can be labeled simultaneously and spbcifiithldifferent
fluorophores. Thus fluorescence microscopy is more chemicallstiseleompared to the
aforementioned imaging techniques.

The basic function of a fluorescence microscope is to irradiate thergpewiith excitation
light of a short wavelength, and then to separate the emitted long wakelengescence from
the excitation light. The final images are composed of fluoresagyet taf interest and a dark
background with high contrast between them. Since the emitted flaapesis much weaker
than the excitation light, the brightness of the background affects &#ge iquality greatly and
needs to be controlled at a level as low as possible. In a conventimmakfience microscope
such as wide-fieldpi-fluorescence microscope (figure 5), all parts of the specimen in the
excitation light path are excited simultaneously. Then the secondargdtwmrce emitted from
the out-of-focus parts of the specimen interferes with the primary ficenee from the
specimen in the region of interest and decreases the final resdéutel. This situation is

especially problematic for thick specimens.
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Confocal micriscopy

To reduce the interference from the out-of-focus fluorescence, confocakoupy was
invented®. The invention is usually attributed to Marvin Minsky, who produced a working
confocal microscope in 1955. In a laser scanning confocal microscope @iguhe laser beam
passes through the first pinhole and is focused by the microscope objecti@esmall focal
volume within the specimen. The emitted fluorescence from the targeedsnas well as the
reflected excitation laser light is collected by the same abgeand is separated by a beam
splitter--dichroic mirror. The dichroic mirror separates thbtimixture by reflecting the short
wavelength excitation light while transmitting the long wavelbrilgtorescent light. In front of
the detector (usually PMT), the second pinhole is placed to reject tioé-faatis light.

By using point illumination and pinholes to eliminate the out-of-focus lgghtfocal
microscopy increases the resolution not only in the lateral direstibalso in the axial
directior’® *4 The better resolution in sample depth direction thus enables the sptitiahing
of thick samples and allows the reconstruction of sample’s three-donahstructure® *> The
classification of confocal microscope designs is based on the method thespecimens: to
scan either the specimen stdge the illumination beaf It should be noticed that the
increased resolution of confocal microscope is at the cost of decregsadrgensity since
much of the light from sample fluorescence is rejected at the pirfksokeresult, long exposure
time or highly sensitive detector is required.

Two-photon microscopy

In confocal microscopy, although the fluorescence from the out-of-focus spegis®eis
eliminated, the specimen above and below the focal plane is stilldextites causes
unnecessary photo-bleaching or photo-toxicity. To overcome this fundamewtaladik, an
imaging technique named two-photon microscopy has growl tasthe concept of
two-photon excitation was first described by Maria Goeppert-Mayer {1908) in 1931, and
was first observed in 1962 by Isaac Ab®&lI&enerally when a single photon doesn’t have
enough energy to excite one fluorophore molecule to a higher energy stai&, ieabsorbed
and causes no fluorescence. However, when the photon density is intense gutbtach

carries approximately half the energy necessary to excite the nglgcsipossible for one
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fluorophore to absorb two photons; and this two-photon absorption resultssimitson of
fluorescence with a shorter wavelength than the absorbed light.

Since the virtual absorption of a photon of non-resonant energy lagtsheet time, a
second photon must reach the same fluorophore molecule within the short petiogledimelr
the two photons contribute their energy to excite the fluorophore to an exaieed\®ot
surprisingly, the event of near-simultaneous absorption of two photons/aaslaw
probability at low light intensities. Ultrafast pulsed laserdiwigh energy to provide high flux
of excitation photons are required and is the main drawback of two-photon rojmydserause
ultrafast pulsed lasers are still very expensive compared to the contimareeigasers used in
normal confocal microscopy. Much more two-photon fluorescence is genergtedtive focal
volume of the objective where the laser beam is tightly focused afighihentensity is the
highest (figure 5). There is very low chance to excite the fluorophora®tbin out-of-focus
areas. This specific localization of excitation results in a highegeof rejection of out-of-focus
fluorescence and the background level is greatly reduced. Two-phatiamsoopy also provides
excellent optical sectioning abily More importantly, it causes low photo-bleaching or
damage to the objects outside the focal vofiime

A key advantage of two-photon microscopy over confocal microscopgtishire is no
need to employ additional pinholes to reject the out-of-focus fluarescén addition, because
near infrared laser which has long penetration depth and low elghtisdiattering is usually
used in two-photon microscopy, it allows imaging of thick biological specimen alpdut one
millimeter without image deterioratiéh® Since the invention of two-photon microscopy,
similar technique named multi-photon microscopy also appears

Total internal reflection fluorescence microscopy (TIRFM)

The invention of various imaging techniques such as aforementioned camfocal
two-photon microscopy is driven by the purpose of improving the spatialtiesoin certain
directions. The underlying mechanisms can be either to restrict thatiexcor the detection of
fluorophores within a small region in the specimen. TIRFM is a typede-field optical
microscopy technique providing high axial resolution based on the mechanisstrict the

excitation region.
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In TIRFM, when an incident light beam travelling from a medium of high réfetdex
(ny) into a medium of low refractive index.jrat an incident angle greater than the critical angle
(6.) which is defined a8.=sin*(n,/n,), the light beam is totally reflected from the interface back
into the high refractive index medium, rather than refracting accordiggety's Law.
Meanwhile, a very thin layer of electromagnetic field extendmg the low refractive index
medium with depth of several hundred nanometers is generated. [@he &elled the
evanescent field (EF) and its intensity exponentially decays from the interface. The
illumination depth in TIRFM can be adjusted by changing the incidentagircitangle. In
practice, the most commonly utilized interface in the application of MIRRhe contact area
between a specimen and a glass substrate. Since only a limited spegimenmmediately
adjacent to the interface is selectively illuminated, theispgatoutside the EF can't produce
fluorescence and has negligible interference to the image foacky The signal-to-noise ratio
is dramatically improved and the spatial resolution is consequemhpved. There are two
basic approaches to configure a TIRFM instrumtTg objective type and the prism typén
objective type (figure 6), the direction of incident excitation light interface and the
collection of fluorescence signal are carried out by the same microsbgative with
numerical aperture larger than 1.45. In prism type, the excitation lighteiged into the prism
in a different light path from that used by objective type. Theative is only used to collect
emitted fluorescence. The Prism type TIRFM is usually cheapeotbjactive type, and there is
more space to play with the incident angle in prism type TIRFM.

Since the development of TIRFM by Daniel Axelrod in 19808RFM has become an
indispensable tool to study cellular organization and dynamic prodesse@scur near the cell
culture and glass substrate interfac@ It has also been used extensively to study molecular
dynamics, including diffusion and absorption, at liquid/solid interfica# of these
applications rely on TIRFM’s ability to selectively excite fluoropgsvery close to the
interface while minimizing background fluorescence from out-of-focaisgd and the explosion
of new fluorescent proteins, organic dyes, and quantunf@dtds).

Stimulated Emission Depletion microscopy (STED)

For those above described fluorescence microscopy techniques, therepaligion in
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lateral direction is still mainly restricted by the light diffiaa to be around 250 nm. There is
always a desire to have one far-field optical microscopy which @k Ithe optical diffraction
limit. Structured illumination microscopy (SIM) is such one technique. However, SIM can
only improve the resolution by a factor of 2 at b8t In 1990s, Stefan Hell invented STED to
provide sub-diffraction limit resolutiéh The instrumental configuration of STED is similar to
that of a standard confocal laser scanning microscopy. And like athibefar-field optical
microscopes, STED allows for non-invasive imaging of the sample. Wiheoraphore is
excited by light with wavelength at its absorption peak, the fluorogess a high energy
state. If the excited fluorophore is irradiated with red-shifteeiddtation’ light at its emission
wavelength, the molecule immediately returns to the ground state asdpbistions of the same
wavelength. The fluorophore is therefore “switched off”. This proisesalled stimulated
emission (figure 7) which is the core principle of STED.

In a STED microscope, two synchronized laser pulses are appliee (figurhe first
excitation laser is focused onto the sample, producing an ordinary titiffr imited spot. And
the fluorophores within the spot are excited by the excitation [Hsersample is immediately
irradiated by the second “de-excitation” laser which hadoalt” shape intensity profile after
going through a phase modulator. Then the fluorophores located in the tiagepswitched off
through stimulated emission while the fluorophores in the center dfuimnation spot can
still emit fluorescenc& By modulating the intensity of the de-excitation laser, the size of
“donut” spot center which corresponds to the achievable resolution camgkr and smaller.

Basically, the better lateral resolution obtained in STED is aediby controlling the
excited specimen area smaller than the light diffraction INith STED, resolution of around
20-50nni* ®in lateral direction can be accomplished and structures which atteisthan the
light diffraction limit can be resolved. However, STED requirasatascanning over the sample
surface before getting the final full image. Thus the temporal résolistlimited.

Stochastic optical reconstruction microscopy (storm)

STORM (developed by Xiaowei Zhuafig?) and photo- activated localization microscopy
(PALM, developed by Eric BetZi§) are two sub-diffraction limited far-field optical microscopy

techniques. They are similar to each other in theory. Both of théne wientroid fitting of point
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spread function (PSF) which is the image of a point source, suctuasaphore, on a CCD
detector. Although the size of PSF is limited by the light diffractidmetaround 250 nm, the
center of PSF thus the location of the fluorophore can be located witsignaouch smaller
than the light diffraction limit by simply fitting PSF with a Gawassfunction. The precision of
this analysis mainly depends on the number of photons collected as well &xhex@l size.

To perform STORM or PALM, the to-be-imaged target needs to ledeldbvith a special
type of fluorophore that can be photo-activated. Two lasers are agpliedcitation laser with
wavelength overlapping with the absorption peak of the fluorophore and aattiactiaser with
a shorter wavelength. The specimen is irradiated by the excitasenfiist until all the excited
fluorophores go into a stable dark state by forming complex with theicdlemaving a thiol
group. The complex can be reversed back into the excitable s&atbeihg illuminated by the
shorter wavelength activation laser. Then the fluorophoresecardited again and emit
fluorescence photoffs The centers of their PSFs are fitted out and mapped with high precision.
Because the photo-activation is stochastic, only a few well-agghiluorophores are switched
on after one cycle of activation and excitation. Thus many cycles are cetjupsovide all the
fluorophores a chance to be turned on. This process is repeated many tintbs findl image
is built up (figure 8).

The resolution of STORM can be 20-30nm in lateral direction and 50-60nm in axial
directior?’. The major problem with STORM and PALM is that it takes up to haucsltect
enough data before getting the final full images. As a result, theyatde suitable for

dynamic biological process study.

Imaging Probes

Besides the varying functions of different imaging techniques, there isaneeconcern
we need to keep in mind: how to choose the proper probes that producersiaddé¢eatable
signals. Different microscopy techniques detect samples basedearemliffypes of signals
which can be absorption, scattering or fluorescence.

Fluorescence microscopy is most often used with multi-wavelength faemtegrobes that

selectively label cellular structures or materials of inte®shough fluorescent molecules and
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guantum dots have been used extensively in biological research, they suffph&toastability
associated problems. Fluorescence dyes can be photo-bleached qultklg@&dbnds that
limits their application in long time tracking. Quantum dots have bigkffects that may
preclude them from being used in dynamic process tracking

Non-fluorescence microscopy detects the absorption or scattering of tflesrescent
nanoparticles. In contrast to fluorescent probes, most non-fluorescepartates display
better photo-stability, thus allowing the particles to be observed fotilmegvithout being
bleached. Moreover, individual nanoparticles such as gold and silvepandicles can be
localized with high spatial and temporal resoluffom fact, the precision in localization of an
isolated particle or a single fluorophore is only limited by thd tatenber of photons that can
be collected per unit time. Non-fluorescent nanoparticles are adyants in this aspect,
because they have large optical cross-sections that enable supeatimralih short integration

times. They are especially useful in live cell optical imaging.

Livecel imaging

As discussed above, there is not a single imaging technique that is @nhgraiugh to
examine all types of samples or meet all research requireméste dnly exists a better or
more proper technique for a specific scientific question. Then how to ctims®st proper
imaging techniques is of critical importance.

Among all those imaging techniques, EM provides the highest resolutiorevdgw
acceptable specimen types are limited and the sample prepasatiore complex for EM. For
example, thick samples need to be sectioned to thin slices less than idOTii;
non-conducting specimens need to be coated with a conductive layer for SEMIMn#ore
importantly, fixation and complete dehydration of biological specimeansiglly required
prior to carrying out sectioning or coating. Apparently, it is imposdibluse EM to study the
dynamic biological processes which only happen inside live cells. Tibechievement in
spatial resolution is at the cost of losing temporal resolution for EM.

AFM and NSOM are two types of SPM techniques that can offer spadi@ltion in three

dimensions comparable to EM. AFM and NSOM may be non-invasive technigoeg @s the
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scanning probe doesn't physically contact the target. Since they donterttpse special
specimen preparation or low pressure working environment, AFM and N&®Mecutilized to
study live biological samples in ambient conditions. However, thereegisolimitations for

their further application. First, only the sample surface can agethby AFM and NSOM,;
biological events happening inside the sample can't be observed. In additentha image
provided by SPM is formed by reconstruction after scanning the satinple surface pixel by
pixel, it takes longer time than wide-field optical microscopy techsigoémage the same area.
And naturally, the information provided by each pixel within the same insagg from the
same time. Then to some degree, AFM and NSOM still lose the temgsoaltion compared to
wide-field optical microscopy techniques.

The other techniques can be classified into far-field microscopy whiclletect the signal
both on the surface and inside the sample. Because far-field opticasoaipy techniques
require no physical contact between the detector and the samplegeltbys non-invasive
imaging techniquegl) Among them, STED and STORM (or PALM) are newly developed
techniques and have the best lateral resolution at around 20-50 nm. HoWw&&es point
illumination technique like that in SPM; STORM (or PLAM) takes timeaipdurs to obtain
the final image based on its stochastic illumination mechanism. Bothrofateerestricted from
being applied to track dynamic biological procesé€8sConfocal and two-photon microscopy
techniques, both of which require point illumination, improve the latesaluton a little better
than epi-fluorescence or TIRFM. They remain to be the main non-imvamils to image
sub-cellular structures especially in thick biological specim&fisr increasing the point
scanning speed, they could be used to track the dynamic biological psoélging cells in
3D. (3) TIRFM is a unique technigue that uses far-field detection and neaiitiighination in
the sample depth direction. The lateral resolution of TIRFM is worsethiad of confocal or
two-photon microscopy. However, since the effective illumination fieldrdepT IRFM is
usually within 200 nm, TIRFM has a better resolution in axial directian tonfocal or
two-photon microscopy(4) Bright field, dark field, phase contrast and DIC microscopy
techniques can also be classified into wide-field microscopy and noedherce techniques

since they image a large specimen area simultaneously insteadmmhgdfie specimen point
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by point. Among them, BF does not have enough contrast when observing live cekls; pha
contrast has limited optical sectioning ability due to the haloteff#e has a lower resolving
power because of the strong scattered light. Only DIC microscopgris suitable for tracking
highly dynamic biological process. Although DIC has fair spatial ugieol, it can possess very
high temporal resolution. Moreover, compared to fluorescence microscopgabl@bserve the
target in its native state since there is no labeling process wizig alter the target’s native
behavior. However, this advantage sometimes can be interpreted advaniage. Because
nano-objects smaller than the light diffraction limit appear in simsilse and shape in DIC
images, it becomes too hard to distinguish the target of interest fronobjkets and thus the
imaging selectivity of DIC drops compared to fluorescence microscopy.

Nowadays, imaging of living cells and tissue is common in many fieldedffé¢hand
physical sciencé$’ Since cells are almost heterogeneous in function and fate, these
experiments are usually performed at single cell [&V&lAlthough tracking the highly
dynamic biological processes in live cells is a challenging tagky scientific questions can
only be addressed in this way. To understand the mechanisms that keep teflihqproperly,
cell’s viability is the first priority to ensure that the physigital and biological processes to be
investigated are not altered. Thus non-invasive imaging techrageescessary. Moreover,
biological events happening inside live cells can be very quick. For exareplty events in
cell signaling can happen within seconds of the stimiultise scission process of vesicle from
membrane during endocytosis lasts no more than one rfirlite most suitable imaging tool
for dynamic tracking in live cells is a technique that can illuminatkdetect in far-field and
wide-field way: far-field allows the non-invasive 3D imagindive cells; wide-field can
promise better temporal resolution. DIC and TIRFM are such imagihgitpes.

This dissertation mainly focused on the application of DIC and TIRFMdanalytical
field and the further exploitation and modification of DIC and TIRFM. Thekwas carried
out in four main directions:

(1) Modify DIC to allow it detect non-fluorescent nanoprobes and distinguish them
from other nano-objectsin live cells.

DIC microscopy not only increases the contrast when imaging cefisalga demonstrated
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to be a very powerful imaging technique for single particle trackifiin DIC, nano-objects
which are smaller than the theoretical resolution limit of optitaloscopy can be detected.
More importantly, nanoprobes and live cells can be imaged simultaneousBveral hours
without staining the cells. Thus DIC microscopy enables direct obsamnatbiological
systems while minimizing the level of intrusion on the system. Hewevhen tracking the
non-fluorescent nanoparticles in live cells, the native celhdao-objects and the foreigner
nanoprobes are both detected. Because both of them could be smaller tiggm ¢lifér&iction
limit, they may appear in similar size and shape in DIC images. Howritifidend
differentiate these nanoparticles remains a technical chaltprigi this work, noble metal
nanoparticles especially gold nanoparticles with different shapes asdisrze tested and
utilized. These noble metal nanoparticles own a unique property--the ldcslidace plasmon
resonance (LSPR) effect. It was found that the apparent refracticesraf noble metal
nanoparticles varied according to the illumination light wavelengtlteShre DIC image
contrast greatly depends on the refractive index difference betweendhigterest and the
surrounding environment, the metal nanoparticles showed different contrastmarging the
illumination light wavelength in DIC microscope. Then it became possildéstinguish the
noble metal nanoparticles from other cellular organelles whose redraadices didn’t change
much no matter how the wavelength changed.

(2) Develop new rotational nanopraobesthat can providethe orientation information
of target.

In the past several decades, many efforts have been devoted in improvatgrdde |
resolution of optical microscopy which can benefit the translationabmatacking of
nano-objects. Nowadays, translational motion as small as few nanometerpiaxom
environment can be tracked readily. For example, people can detect theeBraizestof motor
proteins (kinesin and dynein) in live céflsHowever, objects also perform rotational motions.
Unfortunately, rotational motions in live cells are still largely unknowntduignited imaging
techniques. For example, single molecule fluorescence polarization cojpgyodPM) was only
reported to study the molecular rotation on membrane o’ffitnin FPM, the vibration

direction of emitted fluorescence light is directly relateth®orientation of the fluorophore.
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When the fluorescence passes through a polarizer to the deteziotensity fluctuates because
the projected fluorescence to the polarizer changes when the fluoroptates. But it is still
challenging to use FPM to track the rotational motions inside élls. dt is mainly due to the
high auto-fluorescence backgrodhand high bleaching propensity of single fluorophores in the
cellular environment. By using a different method, people successfullyveldse rotation
pattern of single ATPase molecule by attaching a micrometerfilemeent to ATPasg. Since
the filament was larger than the light diffraction limit, theeatation pattern of the filament
could be detected. However, in live cells, micrometer sized probe cathelteative behavior
of the nanometer sized target.

In this work, non-fluorescent gold nanorods are used as the rotational prahecatibe
detected by DIC microscopy. Gold nanorods show two geometrically confiasaqh
resonance modes: the longitudinal mode (along the long axis) and the tramssges@long
the short axigf’ ® This results in anisotropic absorption and scattering properties of gold
nanorods and thus allows their orientation determined in high precision byDI€ing
microscopy which utilizes two orthogonally polarized illumination bedrhsre are two main
advantages of using gold nanorod as the rotational probe: (1) it is non-blgatinagvhich
allows long time observation; (1) its size is small which helps&p kiee native behavior of
target. The new orientation tracking method was applied to study lmi@l@gocesses including
endocytosis and intracellular transport in mammalian cells which argstrelated with virus
infection and drug delivery.

(3) Construct auto-calibrated variable angle TIRFM with high axial resolution.

For a normal far-field optical microscopy, the axial resolutioricivis worse than the
lateral resolution, is the bottleneck. Although the resolution ifl ditiection is enhanced to be
around 500nm in confocal or two-photon microscopy, it is not really sufficieneXxample, the
displacement of virus penetrating through the cell membrane can be shwlldOnm, which
is too small to be precisely resolved by current existing far-fiptatal microscopy techniques.
TIRFM can be a possible far-field microscopy technique to overcomeffibalty based on its
near-field illumination nature. The illumination depth in TIRFM dependsiyain the incident

angle: the larger the angle is, the smaller the illumination deptffiés.@llecting the
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fluorescence intensity of the target at different angles, theusbssposition of the target can be
determined by fitting the fluorescence intensity decay curve with tiheadrdecay function. The
fitting precision is affected by the number of angles scanned. An autoatadi variable angle
prism type TIRFM was developed in this work. The new instrument cartlseancident angles
and run the calibration procedure automatically and reliably. The angke cande from
subcritical angles to nearly 90° with intervals smaller than 0.2°, whicitsés more number of
incident angles available to be scanned. As a result, the bestesxikition less than 10nm can
be obtained.
(4) Construct variable-illumination-depth pseudo TIRFM for whole cell scanning.
Because the evanescent field in TIRFM is no more than a few hundred naspm&EM
is mostly used to study dynamic processes that occur near the basatatmbrane of
mammalian cells. However, these dynamic processes oftenwaiieyond the evanescent field.
For example, using TIRFM alone is impossible to answer the question abouésicles
formed during endocytosis move away from the membrane towards cell norctgher
organelles. To help solve these technical problems, the varraile HRFM was modified to
function as variable-illumination-depth pseudo TIRFM which was desigo work at
subcritical angles that are smaller than yet still close to thieatrangle. At a subcritical
incident angle, the excitation laser beam is refracted to producetedsidumination path. It is

possible to extend the illumination depth several micrometers intzethieody.
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Figure captions
Figure 1.1. Schematic drawing of three types of optical microscopy iresttan{A) Bright field
microscopy. The angle stands for the angle of aperture. (B) Dark field microscopy. (C) Phase

contrast microscopy.

Figure 1.2. Principle of DIC microscopy. (A) lllumination light path in Dii&roscopy. (B) The

imaging light path in DIC.

Figure 1.3. Schematic drawing of EM and AFM instruments. (A) SEM and BEW collects
the secondary electrons scattered from the sample. TEM colleeteth®ns that pass through

the specimen. (B) STM. (C) AFM.

Figure 1.4. Schematic drawing of NSOM. (A) The working principle of apeN®@M. Laser
is directs through optical fiber to the back aperture of the probe. T ggollected by a
far-field objective. (B) Three working modes of NSOM. The probe can beaulggt source,

signal collector or both simultaneously.

Figure 1.5. Schematic drawing of epi-fluorescence microscopy and conficcascopy. (A)
Working principle of epi-fluorescence microscopy. CCD is used as the detégtiamp is used
as the excitation light source. (B) Working principle of confocal asicopy. PMT is used as the
signal collector. Laser is used as the excitation light sourcee Hnempinholes used in confocal
microscopy. The pinhole placed in the laser is optional. The specirfiemigated point by
point. (B) Light intensity and excitation efficiency in the focal pointt:Lwide field

epi-fluorescence microscopy. Middle: confocal microscopy. Right: two-photonosaiopy.

Figure 1.6. Schematic drawing of TIRFM. (A) Objective type TIRFM.RPE3m type TIRFM.

Figure 1.7. Mechanism of STED. (A) Principle of stimulated emissionlifigtiene before it

relaxes to ground state is nano-second. The stimulated emission of oranefetiie excited
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state is finished within pico-second. (B) Schematic drawing of SlhEftument. The
instrument is similar to confocal microscopy in structure. (C) Pria@pkub-diffraction limit

resolution obtained in STED.

Figure 1.8. Mechannism of STORM. (A) Principle of improved resolution@f8\V. When
three dyes are located within 250 nm, there can be resolved when theyitaak exc
simultaneously in a normal fluorescence microscopy. In STOM, thedkeseare controlled to
be excited one by one. The location of each dye can be determined through cetiignidBit

Schematic drawing of STORM instrument. The instrument is sital@fRFM microscopy in

structure.
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Figure 1.2
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Figure 1.4
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Figure 1.5

s .
U H.___.__Au IR

-

e
i

[
.

[ o

o
+ 00 0 A1

Al

IEE”V%IIE=

fa) _;_7

ichroic

@ =

o 2
o QU

Emission filter

...... AWl
o)

I

il ) m_,u .
HHHW|Ai —————— !;ulaluaﬁ-!;ulai
,, T T
O ,

Objective
Specimen

£
S
o
oo
©
)
C
3
E




35

Figure 1.6
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Figure 1.7
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Figure 1.8
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CHAPTER 2. ENDOCYTOSIS OF SINGLE MESOPOROUS SILICA NANOPARTICLE
INTO LIVING HUMAN LUNG CANCER CELL (A549) OBSERVED BY
DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY

Wei Sun, Ning Fang, Brian G. Trewyn, Makoto Tsunoda, Igor I. SlowirgpWS.Y. Lin,
Edward S. Yeung

Published in Analytical and Bioanalytical Chemistry

Abstract

The unique structural features of mesoporous silica nanoparticles (M&Nijriagae them
very useful in biological areas, such as gene therapy and drug delivery. Fbonety,
confocal microscopy, and electron microscopy have been used for observing theasnslof
MSN; however, flow cytometry cannot directly observe the process of elndagyconfocal
microscopy needs to stain cells; electron microscopy requires #etlsdla the present work,
we demonstrate for the first time that differential interfeeecontrast (DIC) microscopy can be
used to observe the entire endocytosis process of MSN into living human lung elin@es49)
without staining. There are 3 physical properties (observations) thactvéze the locations of
MSN and the stages of the endocytosis process: motion, shape, and veiitical. Mdken it
was outside the cell, the MSN underwent significant Brownian motion in thgroeth
medium. When trapped on the cell membrane, the motion of MSN was greatyllifiiter the
MSN got inside, it resumed motion at a much slower speed because the oyispiasre
viscous than the cell growth medium and the cellular cytoskeleton netararksesent as
obstacles. Moreover, there were shape changes around the MSN duetm#tien of vesicle

after the MSN was trapped on the cell membrane. Finally, by couplimgaired vertical stage

* Reprint with permission from Analytical and Bioanalytical Chenyjs2008, 391(6),
2119-2125. Copyright © Springer

www.manaraa.com



39

to the DIC microscopeaye recorded the locations of the MSN three-dimensionally. Theatecu
3D patrticle tracking ability in living cells is essential fandies of selectively targeted drug

delivery.

Introduction

Mesoporous silica nanoparticle (MSN) materials have many uniquedeasuch as
chemical stability, tunable pore diameter (2-30 nm), narrow pore sizédtion, and high
surface area (>700°g"). Moreover, the pores inside MSN are independent parallel channels
that can be capped and opened at controllable chehibato? or pH stimulatior?. The
premature release of guest-molecules can be avoided because guestesiale protected
from enzymatic digestion before they reach destinations. Furthercampared to viral vectors,
MSNs cause fewer pathogenic riskspmpared to polymer nanoparticles, MSNs are more
resistant to organic solverttst has already been demonstrated that MSNs are biocompatible
and can be endocytosed by animal and plant télls.

Because of these unique features, MSNs have been used as carriers iledoptease
delivery system to transfer cell membrane impermeable moletinesder to increase cell
recognition and selective endocytosis of MSN, it is of great impatemobserve and
understand the entire process of endocytosis of MSN. Flow cytometry, damfoaascopy, and
electron microscopy have been employed previously for this putpbBaw cytometry can be
used to study the efficiency of endocytosis by converting the measured dkrmresntensity
into the amount of MSNs present inside the cell, but it cannot providenafion during the
process of endocytosis or show the distribution of MSNs inside the cefbc&abmicroscopy
can be used for live cell imaging, but cells need to be stained and its@peraiot fast enough
for real-time patrticle tracking. In electron microscopy, more detaitfmrmation can be
extracted, including the distribution of MSNs; however, because theacelfsxed and dead,
this technique cannot track continuous movement of MSNs inside livingdireltsly.

In the present study, various modes of optical microscopy were tested for msiatr
continuous tracking of sub-diffraction-limited MSN during the entire eylsis process in

living cells. The application of bright field microscopy is limited beeah®re is too little
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contrast between MSNSs, cells and the surrounding medium. The contrastgraathe
improved by using phase contrast microscopy, dark-field microscopy, or difedietdiference
contrast (DIC) microscopy. These three techniques have been compmgasiedsly for
horizontal resolving power and vertical sectioning abifitylere we evaluated their
performance for observing the endocytosis of single MSN, and demonstratetthat D
sectioning microscopy was a direct, straightforward, and high-throughput method f
monitoring endocytosis or other dynamic biological events at the siniglexe.

In phase contrast microscopy, halos were always seen around the edgeseitehne
and intracellular organelles, blurring some details. In dark-field naopyswhich mainly
depends on light scattering of objects, we noticed that inside eukanitstjespecially around
cell nuclei, the scattering light was too strong to resolve parti€&#n200 nm in diameter. In
addition, dark-field microscopy needs strong incident light, which is nobsiitar long-time
observation of living cells.

DIC microscopy not only increases the contrast between cells and thergling medium,
but also has some other advantages over phase contrast and dark-fieldopycrd3ic
microscopy does not have the “halo” edge effect, and it does not cause muaingdatiide
the cell. DIC microscopy makes full use of the numerical aperture of skensynd has a
shallow depth of focus, leading to a much better vertical resolution and thus goatl optic
sectioning. Moreover, DIC microscopy utilizes the interferencegbf Instead of the opacity of
specimen; it can resolve objects which are smaller than theorescédition limit of optical
microscopy. The MSN of around 100 nm in diameter used in our experiment is oneeexampl

DIC microscopy is useful for single particle tracking in living cdlisour experiment, we
used DIC microscopy to record the entire process of endocytosis of sinjldMiing
human lung cancer cell (A549) without staining the cell. Unlike in electrorosdopy, the cells
were alive during the entire recording period and the endocytosis preasssacked
continuously from start to finish. Three physical properties fphtiens) — motion speed, shape,
and vertical position — were used to characterize the locations of(MSbNe/outside the cell or

on the cell membrane) and the stages of the endocytosis process.
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Experimental

Synthesis of fluorescein isothiocyanate (FITC) labeled and tri(ethylene glycol) organic
linker modified M SNs. Tetraethylorthosilicate was purchased from Gelest (Philadelphia
Fluorescein isothiocyanate isomer |, anhydrous DMSO, 3-aminopropyltrimeilaneg; and
cetyltrimethylammonium bromide were purchased from Sigma-Aldrich @lisLMO). All
chemicals were used as received. FITC labeled MSNs were @ddpareacting 5.0 mg (1.284
mmol) of FITC with 40ul (1.146 mmol) of 3-aminopropyltrimethoxysilane (APTMS) in
anhydrous DMSO under inert atmosphere for 2 hours, and then co-condensing timg result
product with 5.0-ml (32.5-mmol) tetraethyl orthosilicate (TEOS) by the higdnatal method
previously reported>  To a mixture of 1.0-g (2.75-mmol) cetyltrimethylammonium bromide
(CTAB), 480-ml water and 3.5-ml 2M sodium hydroxide, heated @ 8@nder vigorous
stirring, the TEOS and the product of FITC and APTMS reaction were added sieopive
reaction mixture was maintained at80for 2 hours, after which the resulting orange colored
solid was filtered, washed thoroughly with water and methanol and dried undenvat 80C
for 20 hours. The synthesis of the organic ligand was achieved by modifynogedure
previously reported’ Specifically the synthesis of
1-[2-(2-bromo-ethoxy)-ethoxy]-2-methoxy-ethane was followed directn this molecule was
attached to 3-aminopropyltrimethoxysilane via arf 8Mction in refluxing ethanol overnight.
This crude product was directly grafted to as-synthesized FITCa Sl containing
surfactant template). Once grafted the surfactant templateewased via our previously
published method. The average diameter of these FITC-labeled spherical MSNsunegkby
transmission electron microscopy (TEM) was around 100 nm (Figure 1).

Cell culture. Human lung cancer cell (A549) was purchased from American Type Culture
Collection (ATCC, Baltimore, USA, CCL-185). The cells were plated T25 cell culture flask
(Corning). 4-ml Kaighn's Madification of Ham's F-12 medium (F-12K mediuhG @)
supplemented with 10% fetal bovine serum was added to the flask. The dlagkitin cell
culture oven (37°C, 5% G The cells were subcultured every 2 to 3 days on a ratio of 1:3.
When subculturing, 200l of cell suspension solution was mixed well with 800f F-12K

medium (supplemented with 10% fetal bovine serum). Themutl&0such cell suspension
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solution was transferred to a 22mmx22mm No.1 poly-L-lysine coated dpyevsich was then
put into a Petri dish (50mmx12mm, Corning). The Petri dish was left in celtewaven for 1
hour to let cells attach to the coverslip. After 1 hour, 1.5 ml of F-12K me@iupplemented
with 10% fetal bovine serum) was added into the Petri dish to immersgnthe coverslip.
Finally, the Petri dish was put back in the cell culture oven for 24 hours.

Sample preparation for DIC microscopy. Figure 2 is the schematic diagram of the
experimental setup. Two pieces of double-sided tape were stuck paralieltop of a
pre-cleaned glass slide. The distance between the two pieces of tagdgowta$5 mm. A
coverslip was taken out from the Petri dish which was prepared irstrstda, and the side
without cells was cleaned and dried by kimwipe. The coverslip was plaedfdlisaon the top
of the tapes, with the poly-L-lysine-coated side facing the glads. dlhen 2Q: MSN
suspension solution (303/ml F-12K medium without fetal bovine serum, sonicate for 30 min
before use) was added to the chamber formed between the glass slide andrgipcThe
other two open edges of the chamber were sealed by nail oil to prevent égapdhas sample
slide was placed on the stage of the DIC microscope for observatiomsBeba cells were
hung on the ceiling of the chamber, the endocytosed MSN actually moved up from the bottom
of the cell against the direction of gravity.

It is crucial to keep the cells alive during the recording period. In our aigerywhen the
ell was dying, the cell membrane would usually break, the cell could no lorgfehsiut on the
coverslip, and lots of cell cytoplasm materials bubbled out. None of these henomre
observed while the endocytosis event was recorded. Besides, the lmaaoggjanelles, such as
granules and mitochondria, were moving around. All these observations aahthat the cells
were still alive even after the recording was finished.

DI C microscopy. An upright Nikon Eclipse 80i microscope equipped with a DIC slider
was used for investigations. A 100x objective lens (Nikon Plan Apo/1)@as used. The fine
focusing adjustment of the microscope is 0.1 mm/rotation. A motorized rtagey fsom Sigma
Koki (model no. SGSP-60YAM) was coupled to the fine-adjustment knob on the ctipeos
The motor was controlled by Intelligent Driver, CSG-602R (Sigma Kokig. ffavel for each

pulse is 0.0025°. A CCD camera (Cool SNAP ES, Photometrics, Tucson, AZ, pixel&ire)
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was mounted on the microscope. The CCD exposure time was 200 ms at 20-Mkatidigit
speed unless otherwise specified. Winview32 (Roper Scientific,d®oimcNJ) was used for cell
image collection and data processing.

We first distinguished the MSNs from cellular organelles of singsiize and shape by
fluorescence microscopy equipped with a typical FITC filter set and w&hed to DIC
microscopy to track the movements. The tracking was accomplished bylipadijzsting the
focus to the same plane as the MSN. At the same time, verttiainseg through the entire cell

was performed every 5-10 min or when a change in the MSN’s verticabposiis noticed.

Results and Discussion

Generally speaking, to carry out endocytosis, the invaginations or pitl wiecabrane
form vesicles which contain foreigner materials, and then theseegepialch off from cell
membrane, move into cytosol, and travel towards their final destinAtiMBNs are
endocytosed by the cell in a similar manner. The whole endocytosis processgiéaiSN
was recorded by DIC microscopy. To characterize the locations of$iNedvid the stages of the
endocytosis process, three physical properties were studied: motash sphape, and vertical
position.

Motion speed. During the whole process of endocytosis, the MSN, a hard spherical
particle with pores, went through 3 kinds of environment: cell growth medidinmembrane
surface, and cell cytoplasm. They were also the 3 main stages oy&rsikacThe MSN had
different motion speeds in each stage.

In the first stage, the MSN underwent significant Brownian motion in thgrosvth
medium. To have a more quantitative knowledge of the motion, we calculatdiftision
coefficient D) in two dimensions. The lateral displacement®f the MSN between two
successive steps were calculated by reading out the x-y coordinated/SNKhie a trajectory.
The time intervalt) between the two successive steps was 0.2 s. The distributiorraf late
displacement is shown in Figure 3A.

The probability density that a particle diffuses a distarioea constant time intervatan

be expressed in ed’1
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2
P(r)dr = 2r<;lr exr{— ' } 1)

<r?> <r?>

where ¢2>, the mean-square displacement, is equabto Mote that the probabilit(r) is
interchangeable with the number of counts used as the y-axis in Figure 3ilvehiertal
number of measurements was known. Naturally, a large number of displacezasntements
— usually generated by Monte Carlo simulatienare required to have a good fit with eg.1. Due
to relatively small sample size from actual experiments, the mesaalldisplacement (%) was
estimated to be 7.6xP@m by fitting the histogram with a typical Gaussian function, instead of
eq.1. Then by using formula%e= 4Dt with t = 0.2 s, the diffusion coefficielm was calculated
to be 2.9x18cnfs™,

In order to confirm whether this diffusion coefficient had the right order ohinatg, a
theoretical diffusion coefficierd* was calculated from the Stokes-Einstein equation:

* _ kBT
3rnnd

()

wherekg is the Boltzmann constari,is temperature (295 Ky, is the viscosity of cell growth
medium (0.98 cp, Material Safety Data Sheet of Minimum Essentialuviedivitrogen,
Carlsbad, CA), and is the particle diameter (100 nm). The valu®bfis 4.4x10cnfs?, and
D andD* are indeed on the same order of magnitude.

Before the MSN settled down on the cell membrane, it was very close to but hetamil t
membrane and still moved quickly outside of the cell. The diffusion coefficighis
intermediate stage was 1.0%%dhvs™ (Figure 3B), which was one order of magnitude smaller
than the diffusion coefficient in the first stage. It is believed thattractive force between the
ligands on the MSN surface and the corresponding receptors on the cell mesuface
limited Brownian motion of the MSN. When the force was strong enough, the MSKinaly
trapped on the cell membrane surface. The MSN eventually crossecoddrame (usually less
than 10 nm in thicknes¥) to get inside the cell. This was the second stage.

After the MSN got inside, it resumed motion in cytoplasm, but at a much lownent spe
compared to the speed in the first stage. This was the third stage. Byhessagne method

mentioned before, we plotted the lateral displacement distributionuneF8§C. The diffusion
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coefficient calculated was 6.4x1%n?s?, two orders of magnitude smaller than the diffusion
coefficient in the first stage, which cannot be explained solely fromisbesity difference
between cell cytoplasm and cell growth medium, because the aqueous phasty/ wascell
cytoplasm is only slightly larger than the viscosity of water (I*tpjFor example, the cell
cytoplasmic viscosity of Chinese hamster ovary cell (an epithellpisé.0-1.4 cp'’ therefore,
we can assume that A549 cell, which is also an epithelial cell, has arsigidplasmic
viscosity. This large difference in diffusion coefficients can bébated to other properties of
cell cytoplasm. It is well-known that cell cytoplasm is not just homogeraiubigfer solution
containing proteins; instead, cell cytoplasm has mesh-like netwonksased of small
cytoskeletons, such as microtubules (25 nm in diameter), microfitane6 nm in diameter)
and intermediate filaments (7-11 nm in diamet&rf,which are all too small to be resolved by
our DIC microscopy. Cytoskeleton dense networks can function as physicailebso limit

the free diffusion of macromolecules inside cytopld$ithe reported mesh size in cytoskeleton
networks was 20-40 nfi,or on the order of 100 nffiConsidering that the MSN used in our
experiment had a diameter of 100 nm, it is reasonable to assume that Brownwmahtite
MSN inside cytoplasm was greatly constrained. Besides, cell cleétske are well-known for
their importance in transportation inside the &&flithough there is no report about the
requirement of microtubules or small filaments for transportatidi@N inside the cell, we
cannot exclude the possibility. If the MSN was bound to cytoskeletons andlecis/eby
directed to some subcellular domains along microtubules or filaments, itmmotild no
longer be described by free-space Brownian motion.

Shape change. The video recorded by DIC microscopy clearly showed that the MSN was
enveloped by a vesicle and engulfed into the cell. There were obvious shagescaund the
MSN during the process of endocytosis. As shown in Figure 4, after it vopedran cell
membrane, the MSN diffused laterally in the first 15 min, and the shape arcéiNdiid not
change noticeably. In the next 15 min, the volume of the MSN containing body increased
significantly, indicating the cell had formed a vesicle (endosome) tdfahg MSN. From that
time on, the MSN continued to go further inside the cell, and the volume of the difsdining

vesicle decreased. Further investigation may be needed to distinguisBhadelf from the
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vesicle.

Vertical position. In the recorded endocytosis event, the MSN was first trapped on the
membrane near the bottom of the cell. Then the MSN moved up and got furithethescell.
This moving direction was against gravity, which helped to prove thai8i¢ got inside the
cell by endocytosis instead of gravity. The vertical positions of the M&M measured through
optical sectioning accomplished by coupling DIC microscope with a motorizesf*$Te
vertical position of the MSN was plotted against the recording ih Figure 5. The MSN
traveled about 1.2m from the cell membrane towards the nucleus, while the thickness of the
entire cell was about gm.

Shape changes (Figure 4) and vertical position changes (Figure 5) carelstambto
provide more detailed information. In the first 15 min, the position and shape oSNelid
not change much, meaning the MSN was still on the cell membrane surfaceaitlegimside
the cell were out of focus because they were not at the same plan&&&N\thErom then on till
31 min, there were steep changes in vertical position, indicating that tNecMSsed the cell
membrane to get inside. This change coincided with the shape change at 20, 27, emd B& m
volume of the MSN containing vesicle first increased and then decredsethlthis period.
After it got inside the cell, the MSN moved randomly in the three-dimensipaaeédetween
the cell membrane and the nucleus. At the end of endocytosis, most granuldseafeatures
inside the cell could be seen clearly as they now stayed close to theosahmane as the

MSN.

Conclusion
In this paper we demonstrate that DIC microscopy can be used to study the asidafyt
single MSN into living human lung cancer (A549) cell. The movement of MSNolvaerved
directly and continuously without staining the cell. The process of endocytasis
characterized by the motion speed, the shape, and the vertical position oBW&bnparing
the diffusion coefficients of MSN in and outside of the cell, we confirmatidell cytoplasm
was not just homogeneous viscous solution. The cytoskeletons inside aytbplddig effect

on free diffusion of MSN inside the cell. Since our DIC microscope had ashddpth of
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focus, the accurate vertical position change of MSN can be measured by 2K sgtiioning.
It provides the knowledge on the three-dimensional distribution of MSN insidetrend
helps to demonstrate the endocytosis of MSN. MSN can be a good drug deliteryanec
have lots of applications in controlled drug release system. MSN mayjdutiviely targeted to
specific cellular organelles through surface modification, and drugbecarotected from
enzymatic digestion in the cell cytoplasm by capping the channels in MSNs.flrture, DIC
microscopy will be employed to study real-time drug release eventsng tells when MSNs

or other nanoparticles are used as drug delivery vector.
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Figure captions
Figure 2.1. TEM image of the MSNs used in our experiments. MSN wasdialvih
fluorescein isothiocyanate (FITC) and functionalized by tri(etig/iglycol) organic linker. The

average size of MSN was around 100 nm.

Figure 2.2. Schematic experimental setup. Cells (only one cell was dyesvnpn
poly-L-lysine coated coverslip (0.17 mm). A chamber was made by connectingliglessd
coverslip with double-sided tape (0.2 mm). The cell culture medium contairtiiyWwhs added
to the chamber. During the process of endocytosis, the MSN moved from bottethtofvards
top of cell against the direction of gravity. Note that the componentssifighie are not drawn

proportionally.

Figure 2.3. Histograms of lateral displacement of the MSN in 3 diffstages. The x-axis is
the lateral displacemenbetween two successive steps (time interval 0.2 s) in the trgjedto
the MSN, and the y-axis is the number of points that fall in certain rarigtedl
displacements. Each histogram is fitted with a typical Gaussian funotasiimate a mean
lateral displacement. (A) Unrestricted Brownian motion in the cell groredium. (B)
Restricted Brownian motion near the cell membrane. (C) Restricted Bnowrgtion inside the
cell. The mean lateral displacements were 7.8x4®x10°, and1.1x10° cnt for the three
panels, respectively. Note that (A) and (B) have an identical §oateD-35 on the x-axis, but

(C) has a scale from 0-3.5. The units for all the three x-axis are the same

Figure 2.4. Endocytosis of MSN into living human lung cancer cell. Thesgesnshow part of
the cell, and the large spindle-shaped object is the nucleus. In thess,ithagdSN were
always in the DIC microscope’s focal plane. In the beginning (0 min), 8 Mas trapped on
the cell membrane, and most of the cell features were out of focus. feeafiihe MSN
changed several times during this process. Most notably, a larges\(esidbsome) was seen at
27 min. After the MSN went inside the cell, many cell features were omthe lsorizontal

plane as the MSN and could be seen very clearly (31 and 100 min).
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Figure 2.5. Plot of the vertical position vs. the recording time. The@lifte between highest
and lowest vertical distances was ~1.2 um. At time 0, the MSN was trappedoef the
membrane and its vertical position was 0. As the endocytosis process edntimuMSN
moved deeper into the cell. After roughly 31 min, the MSN moved around insideltfaad its

vertical position fluctuated in a range shown in this figure. The thisknEcell was around 6

um.
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Figures

Figure 1.1
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Figure 1.3
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Figure 1.4

www.manaraa.com

oL fyl_llsl



56

Figure 1.5
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CHAPTER 3. WAVELENGTH-DEPENDENT DIFFERENTIAL
INTERFERENCE CONTRAST MICROSCOPY: SELECTIVELY IMAGING
NANOPARTICLE PROBESIN LIVE CELLS

Wei Suri, Gufeng Wang Ning Fang, and Edward S. Yeung

8These authors contributed equally to this work.

Published in Analytical Chemistry

Abstract

Gold and silver nanoparticles display extraordinarily large appareacttig® indices near
their plasmon resonance (PR) wavelengths. These nanoparticles showrjoast @oa narrow
spectral band but are poorly resolved at other wavelengths in difiatérference contrast
(DIC) microscopy. The wavelength dependence of DIC contrast of gold/sdweparticles is
interpreted in terms of Mie’s theory and DIC working principles. Weh&irrexploit this
wavelength dependence by modifying a DIC microscope to enable simultamagirsg at two
wavelengths. We demonstrate that gold/silver nanoparticles immabdizéne same glass
slides through hybridization can be differentiated and imaged separatgiycohtrast,
video-rate images of living cells can be recorded both with and withaminiating the gold
nanoparticle probes, providing definitive probe identification. Dual-wavdteDiC microscopy
thus presents a new approach to the simultaneous detection of multiplegiriobbesest for

high-speed live-cell imaging.

*Reprint with permission from Analytical Chemist®g09, 81(22), 9203-9208.

Copyright © American Chemical Society
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Introduction

Nanoparticle probes are becoming a powerful tool to study the dynamics in living
cells. They can be located with both high spatial resolution and high tdmgemiaition at
the individual particle level, providing valuable information in livdl-teaging. Among
all nanopatrticles, gold nanoparticles (AuNPs) are attractive pfob&beling applications
as they display good chemical and photostability, tunable optical prapertie
controllable surface chemistry for modification with a varietgleémically and
biologically active moleculeSDue to their plasmon resonance (PR) properties, AuNPs and
silver nanoparticles (AgNPs) as small as several nanometgiesieter can be detected by
a variety of optical microscopy techniques, including bright-field amkH-field,**
photothermal interference contrtand differential interference contrast (DIC)
microscopies.

There are still major challenges in using nanopatrticle probes indiveraging.
Dark-field microscopies have gained much attention due to their high stggragth and
temporal resolution; however, it can be difficult to identify trat@moparticles from cell
components and other debris that scatters light in the sample mediumn#yrdegeloped
technique — photothermal interference contrast — provides exts#lectivity of gold
nanoparticles as small as 5 nm from cell features; however, so fattheat is not high
enough for observing dynamic processes in biological samples, and appsicat limited by
the undesirable temperature increase in the sample.

DIC microscopy offers excellent contrast and spatial resolution for goldparticles. In
addition, high quality cell images can be recorded simultaneously wititabes, eliminating
the need of switching microscopy modes to correlate the celharqutobes. For these reasons,
DIC has been used in high temporal resolution, high-lateral precision pamjiele tracking in
live-cell imaging”™* However, the same issue exists for DIC microscopy to distinguish
nanoparticle probes from subcellular features, especially small cgphezsicles.

In this present work, we show that the image contrast of gold and silver nalepart
varies drastically in DIC microscopy as a function of illumination wength and particle size.

Small gold and silver nanoparticles display large apparent refrastlices, resulting in high

www.manaraa.com



59

contrast images in DIC microscopy. Moreover, they only become visibl@anrow spectral
band slightly longer than their PR wavelengths, leading to the possilfisglectively
illuminating different types of nanoparticles. The large apparersatefe index of gold
nanoparticles near their PR wavelength is interpreted in terMgtsf theory™® We further
exploited the wavelength dependence of DIC contrast of gold/silver nantgsalotfcmodifying
a DIC microscope so that it can be operated at two illumination wavelesigthkaneously. We
demonstrate high-contrast, video-rate imaging of living celth twith and without illuminating
the gold nanopatrticle probes, providing definitive probe identificatioue-tell uptake of single
40-nm gold nanoparticles functionalized with a cell-penetrating peptide)(@&s recorded at

video rate (32 frames per second).

Experimental

Materials and chemicals. Silver and citrate-capped gold colloidal solutions were
purchased from BBInternational (Cardiff, UK). Gold nanoparticles teaéwsed to conjugate
with TAT peptide were purchased from Nanopartz (Salt Lake City,ddd@)the capping material
is proprietaryThe absorption maxima of these particles were measured by a UV-VIS
spectrophotometer. The size distributions were measured byntsaien electron microscopy,
and they agreed well with the manufacturer’s data. Trans-activedimggctiptional activator
(TAT) 47-57 (sequence: YGRKKRRQRRR, catalog number: 60023-1) was gectham
AnaSpec (San Jose, CA).

DIC microscope. An upright Nikon Eclipse 80i microscope was used in this study. The
DIC mode used a pair of Nomarski prisms, 2 polarizers, a 100x, 1.40 numericaleafieur
Plan Apo oil immersion objective, and a 1.40 NA oil immersion condenser. A Phadttsme
CoolSnap ES CCD camera (139240 imaging array, 6.45.45um pixel size) was used to
record highly detailed cell/particle images, and an Andor PXer897 camera (53512
imaging array, 1616-um pixel size) was used to capture fast dynamics in live cells. éf 2&t
filters from Thorlabs (Newton, NJ) have central wavelengths inathge of 400-780 nm and a
full width at half maximum (FWHM) of 10 nm. In addition, a 387-nm bandpass fikisr w

purchased from Semrock (Rochester, NY). When the DIC microscope waseop&t one
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wavelength, a proper bandpass filter was inserted in the microstigpéjsath. When the
DIC microscope was operated at two wavelengths simultaneously, a M#sgsBims
dual-view filter (Tucson, AZ) with a 565-nm dichroic filter and two sétflters was installed.

Particle/cell imaging. A computer-controlled rotary motor from Sigma Koki (model no.
SGSP-60YAM) was coupled to the actuator of the microscope stage Cihednera and the
stage were synchronized by a home-written C++ computer program. MATLAB lahbiidgeJ
were used to analyze and process the collected images and videos. gy imawbilized
particles, the exposure time was adjusted to maintain the same backgtensityimat different
wavelengths. For imaging cells incubated with gold nanoparticles, tip@tehnesolution was 5
Hz with the Photometrics CCD camera or 30 Hz with the Andor EMCCD camera.

Sample preparation for investigations of plasmon resonance. Negatively-charged
nanoparticles were immobilized on positively-charged amino silarteatgéass slides (Corning,
NY). The colloid solutions were first diluted with 18.2€Mpure water to proper concentrations.
Then the diluted solution was sonicated for 15 min at room temperatteesAhication, L
of the solution were added onto an amino silane-coated slideoaaced with a 22 mm x 22
mm No.1.5 coverslip (Corning, NY).

Functionalization of gold nanoparticleswith TAT. 40-nm gold nanoparticles (Nanopartz,
8.7 x 10° particles/mL) were modified with TAT through a linker molectile,
4,7,10,13,16,19,22,25,32,35,38,41,44,47,50,53-Hexadecaoxa-28,29-dithiahexapentacontanedioi
¢ acid di-N-succinimidyl ester (NHS-PEG disulfide), which has batis@fide and
succinimidyl functionalities for the respective chemisorption onto goldtenéhcile covalent
coupling of TAT. Briefly, 40C]L of 50 mM borate buffer and 0.2 mmol NHS-PEG disulfide was
added to 1.0 mL of AuNP solution and mixed for 3 hours. The solution was then cleaned up by
centrifugation and resuspension in 2 mM borate buffer. 2 pug TAT peptidadded to the gold
colloid solution and react for 8 hours. The gold nanoparticles were then blockedihg 100
mL of 2 mM borate buffer with 10% BSA for over 8 hours. Before use, the dallgold probes
were cleaned up by centrifugation and resuspension in 500 pL of the sam&aratébuffer.
The concentrated gold colloidal solution was diluted in the cell cultedtum to a final

concentration of ~1.8x®particles/mL when incubated with HelLa cells. The final
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concentration of the nanoparticles was estimated from the number of diluttbrisnas
assumed that no particle was lost during all the modification procedures.

Cell culture and incubation with gold nanoparticles. HeLacells were purchased from
American Type Culture Collection (ATCC, Baltimore, USA, CCL-2). Thlisovere plated in a
T25 cell culture flask (Corning) and grown in cell culture medium supplesdenith 10% fetal
bovine serum (FBS). 156 of such cell suspension solution was transferred to a 22 mm x 22
mm No. 1.5 poly-L-lysine-coated coverslip, housed in a 50-mm Petri d@hi(@). The Petri
dish was left in a cell culture incubator (37 °C, 5%,000r 1 hour to let the cells attach to the
coverslip. After 1.5 mL of the cell culture medium with 10% FBS supphknves added to
immerse the coverslip, the Petri dish was left again in the ove#foours. The purchased gold
nanoparticle colloid solution was diluted in the cell culture medium to a svaten of 1.8 x
10" particles/mL, followed by 1-min sonication at room temperature. 1.5 mL afiltited
AuNP solution was then added to the Petri dish to replace the old cetbauméedium.
Incubation took place in the oven for 2-6 hours.

Cell dlide preparation. Two pieces of double-sided tape were stuck parallel on top of a
pre-cleaned glass slide. For live cell imaging, an incubated dipweess placed carefully on top
of the tapes, with the poly-L-lysine-coated side facing the glass 2bge:. of the cell culture
medium with 10% FBS supplement was then added to the chamber formednbitsvgkass
slide and the coverslip. Finally, the two open edges of the chamber wectseaail polish to
prevent evaporation. When cells were fixed before imaging, a coveitligalls was put in a
phosphate buffered saline (PBS) containing 3.7% formaldehyde and 0.2% gltgdalde
room temperature for 10 mins. Then the coverslip was washed with PBSl sieves, and

taped to the glass slide.

Results and Discussion
Plasmonic nanoparticlesin DI C microscopy. We are able to detect gold and silver
nanoparticles as small as 5-10 nm, one order of magnitude smaller than naomptasm
nanoparticles. More interestingly, small gold and silver nanoparticlé8 (im) are only

detectable with sufficient contrast within a narrow band of wavelengthfuStrate this,
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sample images of 30-nm AuNPs and AgNPs at select illumination wavketag shown in
Figures la and 1b, respectively. The gold nanopatrticles give the best camntz4d nm. At
wavelengths below 420 nm or above 640 nm, they become undetettabtmntrast here is
defined as the difference between the maximum and the minimum intenisitiles! dby the
average local background intensifyie contrast spectrum of 30 nm AuNP shows a peak
close to its PR wavelength, but slightly red-shifted (FigureSiajilarly, 30-nm AgNPs show
the best DIC contrast at 420 nm, which is aléghtly red-shifted as compared to its PR
wavelength (Figure 1d).

The DIC contrast of the nanopatrticles also shows strong particle sizeddepg. The
measured contrast spectra of 20, 30, 40, 50, and 80-nm AuNPs are dispkigeddraAll of
the spectra show red-shifted peak contrast compared to their maximum absorfbigans
contrast increases with an accelerating trend as their size irc(Eagae 2b). Especially of
interest is that for AUNPs smaller than 40 nm, they are detectablenanmall wavelength
range, providing an opportunity of illuminating other components of the sampliesketp
these AuNP probes invisible.

The correlation between the DIC contrast maximum and the PR wavelaogidiyst
indicates that the high contrast is related to their PR propertie®riti/dark pattern of DIC
images and the red-shifted contrast peak suggest that DIC signald ofgopatrticles are not
simple absorption or scattering. In contrast, DIC microscopy works gritie@ple of
interference by using two mutually shifted illumination beams to gain eliffexl information
about the refractive index of the sample. A refractive index difterdetween the sample and
its surrounding medium causes a phase differagder the passing beams, which are
recombined into a single beam to generate an interference patternnépantizles with a size

smaller than the shear distanttee contrast is proportional #0p under coherent illumination:
Ag=An-2xd/ 2, 1)

whered is the optical path,A is the wavelength of the incident beam, afd is the refractive
index difference between the sample and the surrounding medium.

Gold nanoparticles in dielectric medium display extraordinarily lagmarent refractive
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indices near their PR wavelengths. For example, 40 nm AuNP in aqueous siioticna
contrast of 0.183 at 550 nm illumination, close to that of 97 nm polystyrene ggm(0cl63)
whose refractive index is 1.59 at the same wavelength. From Equation Iy estiozate the
apparent refractive index of 40 nm AuNP to be 2.04, higher than most of the conuentiona
materials.

The large apparent refractive index of gold nanopatrticles in dieleadawm near PR
wavelengths can be interpreted with Mie’s theory and DIC microscoinvgoprinciples. In
Nomarski-type DIC; the two illumination beams are spatially coherent. Assume the two beams
are equally split and one of the beams illuminates a gold nanoparticle radossa is small
compared to the wavelengthThe scattering fieleEs. in the forward direction at a distanRe

is:t®

Ee.= k2a3£re‘m¢
sc = Eo = , 2)

whereE, is the amplitude of the illumination beakis the wavenumber 21), e is
determined by the complex dielectric function of gold and the surrounding medium:

L \2
reiAd _ (1t+i65)" —ém
(6, +i,)% + 25,

: 3)

whereg; ande; are the real and imaginary parts of the dielectric function of goldpzaticle
and can be derived from those of bulk matéfial; is the dielectric function of the surrounding
medium which is normally a constant real number. The time-dependent &¢toas a
function of the radial frequeney is omitted.

In the image plane, the intensity distribution of a DIC image is the squmhelus of the
convolution of the DIC point spread function (PSF) and the object amplitadehaise
distribution, where DIC PSF is definedds:

V2 V2
2

e '7k(x— Ax, y)—7ei9k(x+Ax, y), (4)

h(x,y) =

where &, y) is a point in the image planix,y) is the amplitude PSF for transmission optics
under coherent illumination, 2 is an additional phase bias, and the shear distatega

assumed to be along tkelirection without losing generality. To simplify, we assume an ideal
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PSF (Dirac delta function) for the transmission optics in the miopasclhe interference
pattern can be viewed as generated from the direct overlay of théedasam Es+Eq) and the
reference beank(), each with a different artificial phase bias. The electied fat the

interference point is:

V2

Einterfere: 7[(EO + ESc)e_m - Eoem] y (5)

while at the background:

s

Eb=72Eo(e‘ig—ei9)_ (©)
When the phase bias/2 is properly set, the intensity at interference point is:
linterfere= 2E2 +% E2[4k2a’ cos(\g) + k*a®r?] @)
and the background intensityis 2€Z. The DIC contrast is proportional t&ere!s)/1b, thus:

contrastec 4k%a’r cos(Ag) + k*a®r?. (8)

When the particle radiusis small, the second term in Equation 8 becomes riglgligompared
to the first term.

Equation 8 shows that DIC contrast is related toonbt the particle size but also the phase
delay introduced by the complex refractive index efd@bld nanoparticles. Figure 2c shows a
simulated DIC spectrum of 40 nm gold nanoparticle itewahere the complex refractive
index of bulk gold is adapted from John$Bthe spectrum shows a red-shifted maximum
apparent refractive index (~550 nm) of gold nanaglag compared to it PR wavelength,
consistent with the experimental observation.

Selectiveimaging of nanoparticlesin live cells. Based on the findings that gold
nanoparticles can be selectively imaged in DIC asicopy, we modified a Nikon DIC
microscope so that it can be operated at two wavéisrsginultaneously. The sample is
illuminated with a white light source. The recombifeéms after the second Nomarski prism is
split into two channels by a beam splitter, each pggsirough a bandpass filter that selects the
observation wavelength, and refocused to form twagies on different portions of the same

CCD camera chip. The two images are recorded simultalyeousinimize the external
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influence on the image quality.

To demonstrate the capability of the modified DI€mmscope, 40-nm citrate-capped
AuNPs were naturally endocytosed by HelLa cells &teour incubationOne channel of the
modified DIC microscope collects light at 540 nnvisualize both cell components and gold
nanoparticles, while the other channel collects lgtt20 nm to visualize cell components but
not the gold nanoparticles. The use of two diffeseavelengths causes some vertical offset
between the two channels. This vertical offset isezted by the objective lens so that it does
not affect the accuracy of particle identificati@ptical section$ **of the HeLa cell along the
z-direction were recorded by stepping a high-prenisatary motor coupled to the actuator of
the microscope stage. The steps inzd@ection were recorded during imaging to give the
absolute position of an image in thdirection. An example of thesections of a HelLa cell was
displayed inigure 3. Numerous particular and tubular shapes can héarsbeth channels.
Using the cell-only (720 nm) image as the controlcae confidently identify in the
cell-plus-AuNP (540 nm) image which features are Aukiibes and which are subcellular
organelles.

Video-rateimaging of nanoparticle endocytosis. Combined with the single-particle
tracking algorithni; this imaging method provides unprecedented conveniencacandacy for
real-time single-particle tracking in live cells fong periods of time. We recorded at 32 frames
per second (fps) live cell uptake of single 40-rotdghanoparticles functionalized with a cell
penetrating peptide (CPP): trans-activating traptional activator (TAT) 47-57 (sequence:
YGRKKRRQRRR) from Human Immunodeficiency Virus 1 (HLY. CPPs can be efficiently
taken up from the surrounding media by numerousyadls in culture, and therefore hold great
potential asn vitro andin vivo delivery vectors! A Hela cell slide was prepared as described
in the Experimental Section and placed on the mooos stage, and the TAT-functionalized
gold nanoparticle solution was added. No particreggation was detected during the
experiment. The uptake process was recorded frotnadi@ning. Extensive information, such
as particle diffusion in different media and 3D péetitajectory with nanometer precision, can
be extracted from the videos. The recorded singleéepmdynamics reveals that the

functionalized gold nanoparticles spent several te tdminutes in searching for the preferred
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spot on the membrane, and then the actual entry taok pithin 1 to 2 minutes.

Conclusions

In summary, we have developed dual-wavelength DICGasaopy for plasmonic
nanoparticles based on their wavelength-dependentis@grast. This dual-wavelength DIC
microscopyhas many potential applications. For exampigure 5 in theSupporting
Informationdemonstrates that 30-nm gold and 30-nm silver remticfes immobilized on the
same glass slide through DNA hybridization can becsekly imaged at suitable wavelengths
Such a technique will open a new avenue for meltigdl detection scheme using colloidal
nanoparticles. As another examplee tisefulness of this approach can be further extended in
live-cell imaging by functionalizing different type$ particles, e.g., AUNP and AgNP, with
different CPPs, mitochondria penetrating peptideBR)? viruses, or hormone€§ompared to
fluorescent tags, colloidal metal particles disgagellent photo-stability that they can be
observed over an arbitrarily long period of time.aNthe colloidal particles are used in
combination with DIC microscopy, we are able to obsdroth the probe and the cell features at
video rates with high signal-to-noise ratio. Thaifferent particles can be identified
unambiguously, and their dynamics can be studied samebusly in one cell culture. Moreover,
3D scans of fixed cells at the appropriate wavelengém provide accurate information on the

distributions and the numbers of different nanopasicl
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Figure Captions
Figure 3.1. (a) Sample images of 30 nm AuNPs atddterent wavelengths. (b) DIC contrast
of four 30 nm AuNPs (color dots) as a function bfrilination wavelength. (c) Sample images
of 30 nm AgNPs. (d) DIC contrast of four 30-nm AgihNFhe nanopatrticles are physically
adsorbed on a glass slide and immersed in water.vienage background contrast (red line) is
0.052, calculated as 3 times the standard devidtlmmvariations on DIC contrast are mainly

caused by size and shape differences among indiviguticles.

Figure 3.2. DIC contrast spectra of 20, 30, 40,85@, 80 nm gold nanoparticles. (a) Spectra
from experimental measurements. (b) DIC intendityadd nanoparticles as a function of size at
550 nm. Gold nanopatrticles were physically adsorbea glass slide and immersed in
deionized water. Each data point is the average comeasured from 20 particles. The error
bar above each point shows one standard deviatio8irte)lated DIC spectrum of 40-nm gold
nanoparticles in water (solid blue) and experimeaibabrption spectrum of 40 nm gold

nanoparticle solution in DI water (dashed red).

Figure 3.3. Turning on and off the contrast of 40AuMPs inside a HeLa cell. Three AuNPs
are highlighted intte white circles. Higher-magnification views of thegeled regions are

displayed above in the same order from left totraghthey are positioned in the original image.

Figure 3.4. A TAT-coated 40 nm gold nanoparticle tedautside or inside a living HeLa cell
The cell was hung on a cover slip, and the partialéise cell culture medium diffused up
towards the cell membrane against gravity. The palfticle was first seen on the cell

membrane at time 0, and its presence was confirméudnying at both 540 and 720 nm. This
particle wandered around for about 10 minutes t tire preferred spot. It finally stopped at 10
min, and the endocytosis started. The particle’cadrposition at this moment was defined as 0.
Within one minute, its vertical position changedicedbly, indicating the entry of the particle
into the cell. The patrticle then diffused inside tie#f, and its vertical position changed

constantly. These changes were evident as indibgtdte images of the nucleus in different
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focal planes. The positions were estimated from the movements of theca¢giage necessary

to keep the patrticle in focus.

Figure 3.5 Selectively switching on and off the images of 30gwid and silver nanoparticles

on the same glass slidé\) Theamino-silane coateglass slide first reacted witliutaldehyde,

and thercovalently bonded with a mixture of two types afgde-strancamino functionalized

DNA a’ andb’. The single-stranthiol functionalizedDNA a andb were conjugated to the

30-nm Au and Ag nanopatrticles, respectively. The partizles were then immobilized to the

surface through hybridization. (B) At 540 nm, tt@er8n AuNPs appear with good contrast,

while the 30-nm AgNPs are completely invisible. Teé circle points out a physically adsorbed

140-nm polystyrene particle that serves as the lardr(@ay At 420 nm, the 30-nm AgNP

images are turned on, while the 30-nm AuNPs becorheraindetectable or barely visible with

low contrast. By applying a contrast threshold, Ruldsidues can be distinguished from AgNP.

Table 3.1 Sequences of thio and amino functionalX¥és

DNA Sequence Source

a 5'-ATC CTT ATC AAT ATT-3-(CHy)s-SH Trilink (San Diego, CA)

b 5-TAA CAATAATCC CTC-3'-(CH)s-SH Trilink (San Diego, CA)

a’ 5'-AAT ATT GAT AAG GAT-3'-(CH,)s-NH, Invitrogen (Carlsbad, CA)
b’ 5-GAG GGA TTATTG TTA-3'-(CH)s-NH, Invitrogen (Carlsbad, CA)
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Figure 3.3
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Figure 3.5
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CHAPTER 4. RESOLVING ROTATIONAL MOTIONS OF NANO-OBJECTSIN
ENGINEERED ENVIRONMENTSAND LIVE CELLSWITH GOLD

NANORODSAND DIC MICROSCOPY

Gufeng Wang Wei Sufi, Yong Luo, and Ning Fang

8These authors contributed equally to this work.

Published in Journal of American Chemical Society

Abstract
Gold nanorods are excellent orientation probes dltieeir anisotropic optical properties.
Their dynamic rotational motion in the 3D space cadibelosed with Nomarski-type
Differential Interference Contrast (DIC) MicroscopYe demonstrate that by using the
combination of gold nanorod probes and DIC microscojeyare able to resolve rotational
motions of nano-cargos transported by motor prot&ingdeo rate not only on engineered

surfaces but also on cytoskeleton tracks in livescell

*Reprint with permission from Journal of American @leal Society2010, 132(46),

16417-16442.Copyright © American Chemical Society
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Introduction

Numerous biological nanomachines perform varionstions that keep a creature to live
and prosper. How these nanomachines work, espeitiatBllular environments, are poorly
understood to date. Since the malfunction of arthe$e nanomachines will lead to severe
disease(s), there is an imperative need for newiggés to investigate the composition,
dynamics, and working mechanism of the nanomachioes tihe health and medicine sectors.
In addition, these nanomachines show high poweeaedyy-efficiency. Therefore, there are
always aspirations to let those bio-nanomachingsaieof living organisms to find their
nano-engineering applicatioiThis also requires a thorough understanding of these
nanomachines.

Most of these nanomachines undergo motions thagsmential to their functions.
Understanding the characteristic translationalratational motions is crucial to elucidate their
working mechanisms. Translational motions can beaked by a variety of single
molecule/particle tracking metho&&’ However, rotational motions in live cells are still kelgg
unknown due to technical limitations. The curremtierstanding of rotational motions at the
single-molecule or single-nanopatrticle level was acquitestly fromin vitro studies. Thén
vitro methods are based either on single-molecule fluanesgaolarizatioh™ or on tracking
translational movement of single nanoparticle prdB&sThe fluorescence polarization-based
methods are challenging for vivo studies due to high autofluorescence background ahd hig
bleaching propensity of single fluorophores in¢b#ular environment. The patrticle
tracking-based methods require specific geometrigs,fixed rotation center or axis, thus are
also not suitable for live-cell imaging.

Gold nanorod€ show geometrically confined plasmon resonance modekriggudinal
mode (along the long axis) and the transverse modeghe short axisy. This results in
anisotropic absorption and scattering propertiggotif nanorods thus allows their orientation to
be determined in high precision in 2£¥°Here, we show that by using Nomarski-type DIC
microscopy,’ which utilizestwo orthogonally polarizedlumination beams, the nanorod

orientation can be resolved in both 2D and 3D igirgered environments and live cells.
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Experimental

DI C/fluorescence microscope. An upright Nikon Eclipse 80i microscope equipped veith
heating stagevas used in this studyhis microscope can be switched between DIC mode and
fluorescence mode. When the microscope was opdra@€ mode, a set of 2 Nomarski
prisms, 2 polarizers and a quarter-wave plate westallad. The samples were illuminated
through an oil immersion condenser (numerical aperiu40) and the optical signals were
collected with a 100x Plan Apo/1.40 oil immersidneztive. In collecting DIC intensity spectra,
a set of 25 filters with central wavelengths in thiege of 400-780 nm andial width at half
maximum EWHM) of 10 nm were used. The optical filters were oladifrom Thorlabs
(Newton, NJ) or Semrock (Rochester, NY). The DICds®mat a selected wavelength were
collected by inserting the corresponding bandpéss into the light path in the microscope. An
Andor iXorf"+ camera or a Photometrics Evolve camera%512 imaging array, »686-um
pixel size) was used to record the dynamigivo andin vitro transport at 32 frames per second.
A Photometrics CoolSnap ES CCD camera (3920 imaging array, 6.45.45um pixel size)
was used to image immobilized gold nanorods in d&éiken the Nikon microscope was
operated in epi-fluorescence mode, samples weresdxgith a mercury lamp with proper
bandpath filters applied in the excitation and eraisshannelsA rotary motor from Sigma
Koki (model no. SGSP-60YAM) was coupled to the micopse stage to control thlxgposition
of the sample. The CCD camera and the stage were syiiwdunl by a home-made C++
computer programMATLAB and NIH ImageJ were used to analyze the ctddémages and
videos.

Preparation of surface-modified gold nanorodsfor cell experiments.
Neutravidin-modified gold nanorods (1035 nm) wenecpased directly from Nanopartz (Salt
Lake City, UT). TAT-coated gold nanorods were maaiffrom cetyl trimethylammonium
bromide (CTAB)-capped (25x73 nm, 1.3*4particles/mL, Nanopartz) gold nanorodie size
distribution and geometric profile were evaluatethwiansmission electron microscopy and
agreed well with the manufacturer’s data. The altsnrgpectrum of the particles in bulk
solution (Fig. 1b) was measured with a Cary 300\US-spectrophotometer (Varian, Palo Alto,

CA). To functionalize the surface of CTAB-coateddynbnorods with TAT 47-57 peptide
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(sequence: YGRKKRRQRRR; AnaSpec, San Jose, £NKIS-PEG disulfide linker
(Sigma-Aldrich) was used by following a publishedtpcol®® The NHS-PEG disulfide linker
has both disulfide and succinimidyl functionalitfes respective chemisorption onto gold and
facile covalent coupling of TAT peptide. Briefly, exsia® surfactant was first removed from
1.0 mL gold nanorod solution by centrifugation @08 g for 10 minutes and the particles were
resuspended in 1.0 mL 2 mM borate buffer. A propeswamof fresh NHS-PEG disulfide
solution (in dimethyl sulfoxide) was added to readimal thiol concentration of 0.2 mM and
reacted with gold nanorods for 2 hours. The satutias then cleaned up by centrifugation and
resuspended in 2 mM borate buffer. For TAT modifiettl nanorods, 2.0g TAT peptide was
added to the gold colloidal solution and reactedfhours. The gold nanorods were then
blocked by adding 100L 10% BSA solution (2 mM borate buffer) for over 8uns. Before use,
the colloidal gold nanorod probes were cleaned ugebyrifugation and resuspended in 500
1% BSA (2 mM borate buffer). The concentrated goltbaddl solution was diluted in cell
culture medium to a final concentration of 4.3%f@rticles/mL for incubation with cells.

Imaging of immobilized gold nanorods. The purchased gold nanorod solution was
cleaned up and diluted with 18.2¢€Mpure water to a proper concentration and sonicated for 15
min at room temperature. & of the diluted solution was added onto a freshly adeaglass
slide and covered with a 22x22 mm No.1.5 covers€lipring, NY). The positively charged
gold nanorods were immobilized on the negatively gddusurface of the glass slide by
electrostatic forces. The glass slide was then planeaB60°rotating mirror holdeaffixed
onto the microscope stag®y rotating the mirror holder’or 10 per step, the nanorods were
positioned in different orientations, and their Difages at 540 or 720 nm were taken with the
Photometrics CoolSnap ES CCD cametae €xposure time was adjusted to maintain the same
background intensity at different wavelengths.

Full length kinesin motor proteins. BL21 (DE3)E. coli bacteria with the full-length
His-tagged kinesin plasmid were kindly provideditoby Dr. Will Hancock in Pennsylvania
State University. Th&. coli bacteria were induced to express kinesin with isgprop
B-D-1-thiogalactopyranoside (IPTG). And the kinesimsvpurified on a Ni column according to

published protocdl’
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Preparation of microtubule. All the tubulin proteins, GTP and taxol were purchasethf
Cytoskeleton (Denver, CO). Tubulin proteins wereediand aliquoted with ratio as following:
86% unlabeled tubulin, 7% Rhodamine labeled tubalil, 7% biotinylated tubulin.
Microtubules with 12 protofilaments were prepared atiog to published protocdf:*? 10 L
BRB8O0 buffer supplemented withy®/ tubulin, 4 mM MgC}, 0.5 mM GTP and 10M taxol
inside was incubated at 7 for 3 hrs; microtubules were then diluted and stadallim 100uL
BRB80 buffer supplemented by 1M taxol. Before introducing the microtubules into the
chamber for gliding assay, the microtubule soluti@s pipette up and down to shorten the
microtubules to proper length.

Invitro transport. Two strips of double-sided tape were put on a cleassgilide to serve
as the spacers, and one clean coverslip was placteg @o form a chamber. BRB80 solution
containing 0.5 mg/mL casein (Sigma, St. Louis, M@} flowed into the chamber and the
chamber was kept at room temperature for 5 min. BR&8ution containing 0.2 mg/mL casein,
0.2 mM MgATP and kinesin was then introduced in® ¢thamber to replace the previous liquid.
After 5 min, BRB80 solution containing 0.2 mg/mL eas 0.2 mM MgATP, 1M Taxol and
microtubules was introduced into the chamber and wpsd room temperature for 5 min.
Next, BRB80 solution containing 0.2 mg/mL casei, &M MgATP, 10uM Taxol and
neutravidin modified gold nanorod (10x35 nm, Nantp&a®alt Lake City, UT) was flowed into
the chamber and was kept at room temperature fon7Rmally, the chamber was filled with
BRB8O0 solution containing 0.2 mg/mL casein, 1 mM M@&Adnd 1QuM Taxol with oxygen
scavenging system [5@/mL glucose oxidase (Sigma)ud/mL catalase (Sigma), 1% (w/v)
glucose (Sigma) and 0.1% (viRAmercaptoethanol (Fluka)]. Between each step, the chamber
was washed twice with BRB80 solution containing@gmL casein and 0.2 mM MgATP. The
sample slide was then observed under a DIC micrescop

Cell cultureand intracedlular transport of gold nanorods. A549 human lung cancer cell
line was purchased from American Type Culture Colbec{CCL-185, ATCC, Manassas, VA).
The cells were plated in a T25 cell culture flaskrf@ing) and grown in cell culture medium
supplemented with 10% fetal bovine serum (FBS)delaculture incubator (37°C, 5% CO2).

When subculturing, 150L of cell suspension solution was transferred to &222am
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poly-L-lysine (PLL)-coated coverslip, housed in arBBt Petri dish (Corning). The Petri dish
was left in the incubator for 1 hour to let the calitaich to the coverslip. After 1.5 mL of the cell
culture medium with 10% FBS supplement was added to isertbe coverslip, the Petri dish
was left again in the incubator for 24 hours. Guidiorods were diluted in cell culture medium
to proper concentration and incubated with cellsaffohour to 8 hours as desired. After
incubation, the microtubules were stained with TubTtacker Green Reagent (T34085,
Invitrogen, Carlsbad, CA) for 30 mins in the incudrasiccording to protocol provided by
Invitrogen. Then the coverslip with cells was potgtass slide with two strips of double-sided
tape as spacers to form a chamber, and was putcoosecope for observation.

Simulation of DIC intensity changing pattern of a nanorod during rotation. To
validate the interpretation from the experimental Dit@nsity traces, we used computer
simulation to illustrate the theoretical DIC inteaggihanging patterns as the nanorod rotates in
the 3D space. The relative DIC intensities of thghirpartAl/Al . and the dark patl’/ Al ax
were calculated using Eq. A33 and A34 (see theary.pa the simulation (Figure 3e and
Figure 4), the phase delaywas set to 90°,6 ,was set to 0° for simplicity. Since we are
focusing on the DIC intensity variation profile goeriodicity, the maximum DIC intensities

(Al/Alpax @andAl'/ A1 a5 Of the nanorods were normalized to unit.

Results and Discussion

2D and 3D orientation of gold nanorods. Nomarski-type DIC microscopes are in
principle two-beam interferometers. Each of the twtbagonally polarized illumination beams
creates aindependenintermediate image. One such image is shifted lateogtyl 00 nm, and
then overlapped with the other to generate the finaiference image. Fagotropic samples,
such as nanospheres, the two intermediate imagédeatecal thus leading to evenly
distributed bright and dark intensities. For opticahisotropicsamples, such as gold nanorods,
the two intermediate images are different becausemhidlumination beams are phase-delayed
to different extent depending on the relative oatoh of the nanorod to the two polarization
directions. Therefore, the DIC images of gold naderappear as diffraction-limited spots with

disproportionate bright and dark pafggure lashows the DIC images of tw2bx73 nm gold
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nanorods positioned at different orientations dindhinated at their plasmon resonance
wavelength: 540 nm for the transverse mode or T2@an the longitudinal mode (Figure 1c).
The orientation of a gold nanorod, i.e., the angleetween the nanorod’s long axis and the
x-polarization direction as defined in Figure 1b, bardetermined using the brigit dark
intensities of its DIC images collected7&0 nm. e relative brightnessl/Al .« (defined in

Figure 1d) adopts sin* relationship with' (for details, please see the Supplementary Data)
g=asifal /Al )" .

Similarly, the relative darkneas’ /Al’ ..« adopts &os' relationship with I

g=acofal /Al " .0
It is worthwhile to mention that the relative brigass and relative darkness are measures of
effective projections of the nanorod onto the twtapzation directions.

The errors of the angle determination are directbtee to the precision of DIC intensity
measurement. For example, whba telative error of intensity measurement is ~0.5%n(as
Figure 1d), the standard deviationofdetermined for a 2573 nm gold nanorod is ~0.8°,ifhat
a 2-3° angular resolution in nearly the entire Ea’je also estimated the error of angle
determination when these gold nanorods are usedkirtdills as orientation probes to track
highly dynamic processes. For imaging live cellgidto rates (32 frames/s) with an Andor
EMCCD camera on Hikon Eclipse 80i microscop¢he relative error of intensity measurement
under optimized conditions rises to ~1.5%, resglima standard deviation of the angle
determination less than 3° (or an angular resoluiforf®) for a 2573 nm gold nanorod.

When a gold nanorod is arbitrarily positioned ia 8D space, its 3D orientation (the
elevation angley and the azimuth angle, as defined in Figure 2) can be resolved due to the
two independenimeasurements of the bright and dark intensitiemghDIC image. In practice,
the accuracy of the nanorod orientation determinatidD is directly related to the
signal-to-noise ratio of the bright/dark intensitiedich declines when the projection of the
nanorod on either of the polarization directionprapches zero.

Rotational motion of gold nanorods attached on gliding microtubules. It is also

possible to identify the nanorod rotational pattdram the dynamic rotation context. For
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example, when a nanorod rotates around a fixed itxizientations and the resulting DIC
intensities must follow a characteristic patternofating nanorod goes through positions that
can be resolved with either high or low confidencasthvhen the nanorod is followed
continuously, the positions of low confidence candsolved in the chronological context of the
positions of high confidence, giving a better ovenaltierstanding of nanorod orientations in the
time course.

Here we demonstrate that by using the combinatigokf nanorod probes and DIC
microscopy, we are able to resolve rotational nmstiof nano-cargos transported by motor
proteins in 3D space. Motor proteins are essentieltalar functions by generating both
translational and rotational motions, and they hé&sve great potential to serve as components
of nanomachines to sort and shuttle cargos to dat&d locations both in engineered and
biological environment&?° Depending on the composition of the microtubulesnioer of
protofilaments), the microtubule may rotate or maate around its longitudinal aXisvhen
being driven to move laterally. Apparently, sucli-sgtating motion is not readily resolved with
conventional fluorescence microscopy. With carefdidgigned experiments and recently
developed techniques, e.g., microtubules with aaiog®® quantum dot assisted fluorescence
interference contrast (FLIC) microscoPyr fluorescence microscopy with a wedged prism at
the back-focal-plane of the objectiffeetc., it becomes possible for researchers to detect the
self-rotation of gliding microtubules. Till now,&tmajority of reports were accomplished under
ideal conditions, i.e., on clean, smooth surfaceselve show that by using the combination of
gold nanorod probes and DIC microscopy, we are alepiort rotational motions of
nano-cargos during transport at video rate not oniy vitro engineered surfaces but also on
cytoskeletons in live cells.

It is worthy of mention that small gold nanorodsX36 nm) were used as reporters to
track the self-rotation of gliding microtubules dat fsubstrates coated with full-length kinesin
to avoid steric hindranc® The observation wavelength was adjusted to 760 nm angbrdBy
using a smaller probe, the signal strength was satifleading to lower signal to noise ratios.
However, since the largest dimension of the goldraos is much smaller than the length of a

full-length kinesin motor protein (70 nrifthe continuous movement of the microtubule was
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not affected in the presence of the nanorod probe.

As mentioned earlier, the bright/dark DIC pattermajold nanorod is determined by the
effective projections of the nanorod onto the twtagzation directions of the two illumination
beams. The two polarization directions are namedtight axisand thedark axisin the
following discussion. When a nanorod is firmly bdun a non-13-protofilament microtubule
through multiple strong biotin-neutravidin linkagds, riotation along with the microtubule on
kinesin-coated substrate gives rise to periodic en@agterns, which is dependent on the
transport anglel between the microtubule advancement direction anbrtpgbt axis and the
nanorodbinding angle o« between the microtubule and the long axis of the mah(@¥igure 3b).
Judging from the DIC intensity changing patterne,dbtails of the microtubule rotation, e.g.,
the periodical length of protofilament helices, carobtined. Figure 3cde shows an example of
a nanorod binding to a gliding and self-rotatingnoiigbule on a kinesin-coated glass substrate.
The nanorod was transported in a direction of ~161he bright axis (Figure 3c). The nanorod
show bright and dark images alternatively (Figure) 3icdlicating that the projections of the
nanorod onto the two polarization axes change peridgiaslit rotated along with the
self-rotating microtubule. The peak-to-peak distas@4um, suggesting the microtubule is
most likely composed of 12 protofilaments?

We further simulated the DIC intensities of the madaas a function of time as it glides
with a microtubule on the substrate with a transaogiep of 151° (Figure 3e). The gliding
velocity was assumed to be 0.68 um/s as in the iexper and the nanorod binding anglevas
assumed to be 45°. Since we focused on the DICsityerariation profile and periodicity in the
simulation, the DIC intensitie\[/Al o @andAl’ /Al 15, Of the nanorods were normalized to
between zero and unit. The simulated DIC intensittygon is consistent with that from the
experiment, showing that the periodical changinggpatis caused by the self-rotating of the
gliding microtubule.

As a comparison, Figure 4 shows an example of a nahaiod transported by a
non-rotating microtubule. The nanorod traveled a digtari ~15 pum along the direction of ~66°
to the bright axis, showing slightly curved brighteinsities and nearly constant, negligible dark

intensities. The mostly bright image of the nandrmticates that it binds to the microtubule at a
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very large angleo(close to 96), yielding a large projection on the bright axis arshll
projection on the dark axis. The situation thatrtheorod binds in parallel to the microtubule
axis (@ close to 0) thus can be excluded. In addition, the little vaoiaiin the DIC intensity
indicates that the orientation of the nanorod ditiahange significantly over the whole period
and the microtubule was not rotating periodicallgra distance of ~1in. Furthermore, we
simulated the DIC intensity changing patterns withierotubule transport angps 67.5 at
different nanorod binding angles None of the simulated curves look similar to the
experimental curves shown in Figure 4b, which ferttonfirms that this is a non-rotating
microtubule.

The DIC bright intensity does show a small curvatiregng the whole transport period,
which is correlated with the curvature of the traldee microtubule walked a backward “s”
shape (Figure 4a). For a nanorod binding to theanibule with a large angle (a large), it
will have relatively smaller projections on the liigxis at the two ends while larger projection
in the middle of the trace. The corresponding Ditemsity will display lower bright intensities
at the two ends and higher intensity in the midcbgsistent with the experimental data. This
shows that the variation of the DIC intensities igsgal by the microtubule advancing direction
rather than the self-rotation.

To assess the dependence of DIC intensity changittgrps on the transport angland
the nanorod binding angte the DIC intensity changing patterns for differelansport
situations were simulated and plotted in the Figu/e noticed that when the nanorod is
parallel to the microtubulei£0), the nanorod will not report the self-rotatidrtiee microtubule
at any transport angle. However, wheis larger than 10°, we shall see the periodic DIC
intensity changing pattern at most of the transgivetictions. This means that using gold
nanorods as reporters, we will miss ~11% of thatirng cases given that the nanorod has no
preferred orientation when binding to the microteblh our experiments, we followed a
procedure which favors the formation of 12-protufilent'® A total number of 98 cases were
recorded and analyzed. Among them, 39 cases shawpsgeodic patterns and the distribution
of rotation period is plotted in Figure 6.

It also should be cautioned that in order for ga@dorods to be a reliable rotation probe,
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they must be bound to the target firmly throughtirwdlent bonds. In this study, in order to
achieve a multi-point attachment of the nanoroth&microtubule, we purposely increased the
fraction of the biotin-labeled tubulins during tmécrotubule polymerization process.

Rotational motion of gold nanorods being transported in live cells. We further show
that gold nanorod probes can disclose the rotatimoéibns of nanorod-containing vesicles as
they were being pulled on cytoskeleton tracks ia tiells. TAT-modified gold nanorods with a
dimension of 25x73 nm were naturally internalized BA8 human lung cancer cells, and their
subsequent transport on cytoskeleton tracks wasmMetiavith DIC microscopy with an
observation wavelength of 720 nm. The large gold rads(25%73 nm) were used to improve
the signal to background noise ratio in the compklular environment. A selected transport
event where a nanorod-containing vesicle traveled@diistance (> 6 pm) on multiple tracks
toward different directions was recorded. The relagif@s$t transport velocity (average velocity
1.2 pum/s) suggests that the nanorod-containing vasadamost likely transported on the
microtubule trackd® The nanorod gave nearly constant bright/dark intesssiti the time course
when being transported linearly. More interestingligen the nanorod’s moving direction
changed ~90°, the DIC intensity pattern changed ftompletely dark to completely bright,
indicating a ~90° turn in the focal plane also fog targo’s orientation. These suggest that the
relative orientation of the cargo to the microtubiuéeks are tightly controlled, resulting in a
conveyor-like movement of vesicles on the microtalmgtwork. Figure 7 shows the traces and
the presumed orientation of the nanorod.

It is assumed that the nanorod is stationary véiipect to the vesicle. There are several
reasons that this assumption is valid. Endocyticclesiare usually several tens of nanometers
in diametef* Considering the size of the nanorod (25x73 nm)ranltiiple assisting proteins
and receptors, there is little room for the nandoodiffuse randomly. More importantly, we
observed that the nanorod showed a fixed orientdtioimg the transport, indicating that the
nanorod cannot experience active random rotatioffakdin relative to the vesicle. Thus, we
are observing the rotational motions of the vesialend a transport process rather than the
random motions of the nanorod inside the vesicle.

The new approach may shed new light on many liveti@aibport mysteries, such as the
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guestion whether molecular motors with differenedironalities work in coordination or fight a

“tug of war” to reverse the transport directiBi®

Conclusions

We demonstrated that by using gold nanorod probe®Hndnicroscopy, rotational
motions of nano-objects can be resolved at videg fatboth engineered environments and live
cells. Compared to single molecule fluorescence paldon imaging, this method is more
robust in terms of resistance to photobleaching ankignaund noise. In our vision, this
technique has great potentials to investigate th&ngmechanisms of nanomachines by
revealing their dynamic rotational motions in botltro- and nano-engineered structures and in

live cells.
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Figure captions
Figure 4.1. Gold nanorod orientations in 2D spageD{@ images of two 25x73 nm gold
nanorods at different orientations in 2D space. Theesaanorods were illuminated at their
transverse (540 nm) or longitudinal plasmonic resomavavelengths (720 nm). The gold
nanorods were positively charged and physically d#gbon a negatively charged glass slide,
and submerged in deionized water. The glass sligdfiwad on a rotating stage that allows 360°
rotation. (b) Definition of the 2D orientatioagimuth angle’ of a nanorod with respect to the
polarization directions of the two illumination Imain a DIC microscope. Other symbols are
explained in the Supplementary Data. (¢)V-Vis spectrum of the gold nanorod suspension in
deionized water (red) and DIC spectrum of an imnimdxl, randomly orientated gold nanorod
(blue). The DIC contrast is defined as the diffeeshetween the maximum and the minimum
intensities divided by the average local backgrantehsity. The two DIC peaks are red-shifted
compared to their plasmon resonance wavelengthBefidic changes of the bright/dark
intensities of a gold nanorod when rotated undetGrbicroscope and illuminated at the two
DIC peak wavelengths. All intensities are relativette background level. The periodic patterns
at these two illumination wavelengths are shifted-8§°, consistent with the relative

orientation between the transverse and longitugifzamonic resonance modes.

Figure 4.2. Definitions of the orientation anglesafanorod in 3D space: tbéevation angle’

and theazimuth angle].

Figure 4.3. Cargo transport in engineered environméajt&cheme of a piece of gliding
microtubule serving as the transport vehicle ondimeoated glass slide. The 10x35 nm gold
nanorod serves as the probe to detect the rotatiooidn of the microtubule. (b) Definition of
the microtubuldransport angled and the nanorobinding angleu. (c-e): An example of a
gliding and self-rotating microtubul@£151°) as reported by the attached nanorod piabe.
The trace and alternative bright-and-dark DIC imageke nanorod. (d) The measured DIC
intensities as a function of time. (e) The simuldd@ intensities as a function of time. The

microtubule was assumed to be gliding with a trartspaglep of 151° with a velocity of 0.68
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pm/s. The nanorod binding angieas assumed to be 45°. The simulated DIC intensity patter

is consistent with that from the experiment.

Figure 4.4An example of a gliding and non-rotating microtub{#e66°). (a) The trace of the

nanorod. (b) The measured DIC intensities as a funcfisime.

Figure 4.5Simulated DIC intensity changing pattern when a micnaeibarrying a nanorod is

transported. The transport direction is along ek @dxis.

Figure 4.6 Statistics of the rotation period of gliding mianbtiles probed with 10x35 nm gold
nanorods. A total of 98 cases were recorded andzswlAmong them, 39 cases show clear

periodic patterns and the distribution of theiat@in periods is plotted.

Figure 4.7 Cargo transport in live cells. (a) Schematics ofititi@cellular microtubule transport

of a gold nanorod-containing vesicle. (b) Traces@medumed orientations of the gold nanorod

during the transport.
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Figure 4.2
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Figure 4.3
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Figure 4.5
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Figure 4.6
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Theory

1. DIC principles and imaging of optically isotropic nanoparticles

DIC microscopy works on the principle of interferemgeyain information about
differences in refractive index and optical pathgtbrnof specimen components. A
Nomarski-type DIC microscope contains 2 NomarskirpsisThe incident light is split by the
first Nomarski prism into two orthogonally polarizdaterally shifted beams for illumination.
For non-absorbing, optically isotropic samples, tdentical intermediate images with different
polarizations form behind the objective, each withaaifitensity profile but a curved phase
profile. The two identical images are shifted anchsied in the presence of the second
Nomarski prism to generate the interference pattetimedfinal DIC image.

Specifically, when a non-absorbing, isotropic nantgarthat has a diameter smaller than
the shear distanceAR) is on the object plane, the phase profiles otweintermediate images
are the same. Without losing generality, assumentihge polarized along tlyedirection was
laterally shiftedAx by the second Nomarski prism toward the negative titireof thex-axis,
and the image polarized along thdirection was shiftedx toward the positive direction.
Assuming a perfect point spread function for theagtystem (the Delta function), the
brightest and the darkest intensities in the fimade will appear at\x and +Ax, where the
phase difference between the two mutually shiftesilj@s assumes the peak valugand . y

is the phase delay of the illumination beeamused by the nanoparticle:

y = ZTﬂLAn ' (A1)

whereL is the optical path (in this case the particle di@mgt is the wavelength of the incident
beam;An is the refractive index difference between the nanm@and the surrounding

medium. The amplitude of the electric vector/at and Ax in the final image plane are:

N

E == Ele"e”-e’] (A2)
E. » :%Eo[e”; -e7e’]. (A3)
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E, is the amplitude of the electric vector of onelaf two illumination beams on the object
plane and the intensity of the two illumination bearesassumed to be the santeis?an
additional phase bias introduced by the manufactdrgreamicroscope to give an optimal

image contrast. The amplitude of the electric vectahé background is:

E, :gEO[em ~d] (A%)

By adjusting the phase biag ® be 96, the DIC image of an isotropic sphere can be tuned to
show even bright and dark parts, and the relatighbéand dark intensities are calculated by the

following equations:

I‘|¢=1+ siny (A5)

I*lAX =1-siny. (A6)

2. Optically anisotropic nanoparticles and their DIC images

The gold nanorods used in the paper have a dimeosR@Bx73 nm. The plasmon resonance
wavelengths of these gold nanorods are at 520 nrii@hdm, respectively=g. 1c). The
maximum DIC contrasts appear at wavelengths sligbtlyshifted to the corresponding
plasmon resonance wavelengths, which is consistenttidtKramers-Kronig relationsKeibig,
U.; Vollmer, M. Optical Properties of Metal Clusters, Springer SeireMaterials Science , Vol.
25; Springer: New York, 1995; Vol. 25)..

One special characteristic of gold nanorods istti&it plasmon resonance modes are
aligned with their geometric profiles: one along tbng axis (longitudinal mode) and the other
along the short axis (transverse mode). This resultgvelength-dependent anisotropic
refractive indices of the gold nanorods. When a gealdorod is imaged under a DIC microscope,
the phase delays on the two polarized, intermedisageéshare different, resulting in uneven
bright/dark images of gold nanorods. In fact, the phikday caused by the nanorod depends on
the angle between the optical axis of the nanorodf@dorresponding polarization direction of
the illumination beam. For example, when the nangdthminated at 720 nm and is oriented so

that its corresponding optical axis (the long axdg)erfectly in line with thg-axis direction, it
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generates the largest phase delay (determined lBxtraordinary refractive index) on the
image polarized in thgdirection and the minimum phase delay (the ordinaryctimindexn,)

on the other image polarized in tkeirection. The DIC image of the gold nanorod wiMe the
highest bright intensityAl) and the lowest dark intensitil(), resulting in a mainly bright spot
in the DIC image. Similarly, when the nanorod isitetl to align with the-axis direction, the
result is a mainly dark spot in the DIC image. At angle in between, both the dark and bright
parts with different proportionalities are obsery&@keSupplementary Fig for illustrations.)

In this paper, the optimal observation wavelengthewelected to be 540 nm and 720 nm
for individual gold nanorods. Appareperiodicities of 180were observed at these two
wavelengths. In 2D and 3D orientation determinati®® nm illumination was used.

3. Determination of the 2D orientation angle [

The periodic change provides an opportunity to ddtez the absoluterientation of a gold
nanorod. When thghase bias®is adjusted to be 90the bright intensity in a nanoparticle DIC
image is the result of the interference between hizs¢-delayeg-polarization image and the
non-phase-delayedpolarization background. Correspondingly, the datdrisity is the result
of the overlay between the phase-delaygolarization image and the non-phase-delayed
y-polarization background.

Forthe illuminationbeam that is polarized in tlyedirection, it can be decomposed into
two orthogonal components, with electric vectors padpmilar and parallel to the

corresponding optical axis of the nanorod, respelsti
EU; = Stosin¢+§tocos¢. (A7)
After passing through the sample plane, the twopmmmants will be delayed to different extent
due to the optical birefringence of the nanorod:
E, = PE,singe™ + %, cosge™? (A8)
whered; = (ne-nNym)nL/A andd, = (ne-nyw)nL/A; ne andn, are the extraordinary and ordinary

refractive indices, respectively, is the refractive index of the mediuinijs the optical path in

sample (the nanorod’s short axis). Projecting bat¢kdmriginal coordinates:

Iii = TUEO(Sin2 ge ' + cos ge ) + IZUEo cosgsing(e™ +e %), (A9)
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Due to the working principle of the Nomarski prisime electric vector polarized in the
x-direction does not contribute to the interferendégpa of the sample imag8ypplementary

Fig. 2v) and can be ignored:
E, = |E,(sin’ ge* +coS ge%) . (A10)
The electric vector of thgcomponent after the second polarizer can be written as:

NG

Igy = 72 ?EO (sin ge ' + cos ge ') . (A1)

Correspondingly, the electric vector of theomponent at the same location is:

o J2ow

sz = 7 kEO . (AlZ)

The electric field is the summation of Eq. A11 &3® with an additional phase bia8: 2

E, - V2 E,(sin® e + cos ¢ge')e ™’ —%

==

E,g’. (A13)

The intensity at the interference point is:

| =|E_u|” = 2EZ[sin* gsin? (20—;51) +cos’ gsin’ (29—;52) +
2sin® ¢ cos” gsin (20+9,) sin (26 ; %) cos(5l ;52)] . (A14)
Similarly, the backgroun#, can be derived as:

E, :QEOQ*W_QEOQH, (A15)

2 2
and the background intensityis:
l, =|E, = 2E2sin?6. (A16)

When the phase bia$ 5 set at 90°, the relative DIC intensity of the bripart is:

Il—A =1+sin*gsing, + cos' gsing, + sin” gcos gcosE, — 5,) +sing, +sing, -1].
b

(A17)

Eq. A17 gives the analytical solution of the DI@einsity as a function of the orientation
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anglel]. In practice, we found that applying a large birgfence approximation, we can
simplify Eq. A17 to a sity relationship while maintaining satisfactory resédis.| greater than

30°:

o :ﬁzsinwsinél. (A18)
Ib Ib Ib

At ¢= 90°, the intensity is at its maximum value, tisat.i, = 1I,.

| I [, -1 I :
M 1= P _J-_P_D__mxyging . (A19)
Ib lb Ib Ib

Take the ratio of Eq. A18 and A19:

Al

T sin*g . (A20)
max
Rearrange:
g=asir(Al /Al ,, M4, (A21)

Thus,J can be determined from the bright part of the Diage, wheral andAl . are
defined in Fig. 1d. Considering ts@’ relationship, the relative brightnegs/(Al.,) of the
nanorod image can be viewed as a measure of thefwojef the nanorod onto the
y-polarization direction.

The large birefringence approximation requires éhit large (sid, approaches 1), while
d,is close to 0. The rationale is given below. Fooble metal spheroid, the phase delague
to the extraordinary refractive indexis usually much larger than the phase déjague to the
ordinary refractive inder,. Under this condition, Eq. A17 gives a periodical treéintensity
as a function of] with a minimum relative intensity equalsla sind,. From the
experimentally collected rotation data of 25 x 73gwoid nanorod (Fig. 1d), we know that the
relative background intensityy) is ~1.03, so sifp ~ 0.03 and, ~ 1.7°. Thus, alb, and sit,
can be ignored from Eq. A17. Rearranging Eq. A17hasee:

?—l = sin” gsing, + sin® g cos ¢(coss, +sing,) . (A22)
b

When sif, is large (approaching 1), Eq. A22 can be reducethtasind, (Eq. A18). When
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sind, is small, Eq. A22 can be reduced to’sigsind;. Under our experimental conditions, the
25x73 nm nanorod gives a fairly large phase d&lay 720 nm illumination. Thal/l . curve
is closer to that of the gin model by showing a large flat region at the loweriporof the
curve (Fig. 1d). Also, the calculated angles usirggsiriC] model are consistent with physically
rotated angles, showing a linear correlation at rangtes Supplementary Fig.&§. Thus, using
Eq. Al18 instead of A17 in determining the orientatimigle is valid.

The errors of the angle determination can be estarfeden:

a; = (% 20l + (STi)ZG'f + (gTi)zaé . (A23)

The standard deviations of measur&g, (naximum ), and backgrounds() intensities are all
on the same level due to the high background of Bi€oscopySupplementary Fig. 3shows
the standard deviation of the measured orientatigiea from the “720 nm bright” curve in Fig.
1d. The relative error of the intensity measuremerst wa5% for the immobilized nanorods
submerged in water. Above 30°, the recovered angesatisfactory, with a standard deviation
less than 1.0° between 30°~80°. Below 30°, theasigacomes too weak due to the*sin
relationship.

Similarly, [ can also be determined from the dark part of th@ iDlage:

p=acofal 1AI, ] (A24)

and the relative darknesasl{ 41’ ., of the nanorod image can be viewed as a measure of the
projection of the nanorod onto tkepolarization direction. When the nanorod is lyingha
object plane, the dark part yields the same informatlmwut’] but that it gives better signals at
1 between below 60Supplementary Figdcd). CombineSupplementary Figda and 3¢o give
Supplementary Fige, which demonstrates the satisfactory angle deteiioninatnearly the
entire range.

The relative error of the angle determination isautdedly relevant to the precision of the
intensity measurement. In above discussion (Fig@ridSupplementary Figda-d), the precision
of the intensity measurement was ~0.5% for the inilizeld nanorods submerged in water. At

this noise level, the standard deviation is ~lthearange of 30-80° from the bright part using
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Eqg. A21 (Supplementaryig. 3 and 10-60° from the dark part using Eq. 24 (Supplgary
Fig. 3d). Thus, using both the bright and dark parts, weresolve the 2D orientation of
immobilized nanorod with ~2° resolution in nearlg #ntire range (10-80°, Supplementgy.
36).

When the nanorod is used to probe dynamics insidedleg, the background becomes
noisier. In the current setup for live-cell imagiag, exposure time of 0.031 s was used to image
both the cells and the gold nanorod probes. Thévelarror of the intensity measurement was
found to be less than 1.5%, resulting in a standax@ation of less than 3°. Note th#t,.,and
Al' nax for each individual nanorod must be calibratedb®the absolute orientation angles can
be calculated from live-cell images. The currerdtsyyy is to follow the same nanorod for a
long period of time, and the averages of the 1§hieist intensities and the 10 darkest intensities
out of several thousand images are treatéd gsandAl’ ., respectively.

4. 3D orientation and rotation pattern of a nanorod

When the nanorod’s long axis is pointing towardsalé of the image plane, an additional

variable - the elevation angle is needed to determine the 3D orientation of the mahd he

illumination beam polarized at tlyedirection can be decomposed in a similar way:

éuo = SEO sing + gfio cosg , (A25)
wherep- ands- directions are defined according to the projectiothefnanorod on the image
plane. The optical path will be longer than thathef tod lying in the image plane. For a
spheroid, the new optical path is:

a’b’
L= , A26
\/azsinzx//+bzco§z// (A26)

wherea andb are the short axis and the long axis of the sptierespectively. For the
s-component of the electric vector, it will be delagedording to the ordinary refractive index
n.. The phase delay of tecomponent of the electric vectdr, is:

% _ il (A27)
5, \a’siny+b*cosy

For thep-component of the electric vector, the propagationarsi of the light is a function of
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the angle between the wave propagation directiortfandptical axis of the nanorod:
2 2 ain2 2
Vo =Visin'y +Vicosy | (A28)
wherev, andv, are the velocities of the ordinary wave and the extiaarg wave, respectively.

Thus, the phase delay of the&eomponent of the electric vector is:

neno _n )\/ b2
5, \/njsinzz//+v§coszy/ "\ a’sin’y +b?*cos y
S n,—n '

e m

(A29)

Two special cases: (1) Wherr 0°,6’; =31, andd’, =3,. This situation is equivalent to the
nanorod in the image plane and has been considefidteory Section 3. (2) Wheyr 90°,6’,
= &', =d,b/a. Under this condition, the particle is standing stra@n the image plane and shows
even bright and dark parts in the DIC image asatrapic particle.

After passing through the sample plane, the two mteatctor componentpg @nds) will

be delayed to different extent due to the opticaftingence of the nanorod:

I?l = Pk, singe ™ + $E, cospe™ | (A30)

whered’;andd’ , are determined from Eq. A27 and A29.

Using the similar treatment of Eq. A8-A21, we can relaghA31 to characterize the
relative intensity of DIC image:
Al 4 e 2 C
I=S|n $sing, +sin® gcos ¢(coss, +singd, —1) . (A31)
The fraction of the relative intensity to the overaiximum intensity (when the nanorod is
perfectly aligned with thg-polarization and in the image plane) is:

Al sin*gsing, . sin’ gcog ¢(coss, +sing, —1)
sing, sing,

| (A32)

max

Taking a similar approximation as in the Theory Sec8p

Al sin* gsing,
| sing,

max

(A33)

Similarly, we can get the formula for the intendity the dark part of the DIC image.
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Al"  cos ¢sing,
I, sing,

max

(A34)

In theory, when thé&,,xandl’ . for each nanorod are properly calibrated, we are able t
determine the 3D orientation anglesandy from each DIC image of the nanorod. Thus, we can
track the nanorod movement in five dimensions (%ree spatial coordinates and two
orientation angles.

In practice, the current instruments only providewgh signal-to-noise ratios for accurate
determination of 3D orientation angles within a tiei range. In the present work, we
demonstrate that the characteristic rotational enstiof the nanorod can be identified from a
series of DIC images even though the exact orientafitime nanorod at a given moment cannot

be determined accurately.
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CHAPTER 5. ROTATIONAL MOTIONS OF ENDOCYTIC CARGOS

Abstract

Single-particle tracking (SPT) is a powerful apmto#o probe biological processes at
individual molecule level in live cells. However, eemtional SPT techniques are still having
difficulties in reporting the orientation and rotatimotions of the probe thus the target
molecules of interest. Here, we present an integiatading platform based on the
combination of birefrigent gold nanorod probes &ifterential Interference Contrast (DIC)
Microscopy that can achievingle particle aientation andatation_tacking (SPORT). This new
technique allows us to resolve translational andiostanotions of gold nanorod probes at each
stage throughout the whole endocytosis processadinig to the disclosure of their binding
status on cell membrane and characteristic rotatrantibns generated by protein modules

during the endocytosis.
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Introduction

Cell can be conceived as a highly interconnected mktwbere numerous hierarchic
nanomachines interact with biochemical compoundgylaelorganelles and each other to carry
out all kinds of biological functions. There is arpienative need for new techniques to
investigate the composition, dynamics, and workingtmaaism of the nanomachines from both
the fundamental biological sciences and the healthratticine sectors. Understanding the
characteristic translational and rotational motiensrucial to elucidate their working
mechanisms because most of these nanomachines una#igos that are essential to their
functions.

A variety of single molecule/particle tracking medlsacan resolve translational motions to
a few nanometers with millisecond temporal resotitioThese techniques have been
demonstrated to be useful in live-cell studies. Besv, detecting rotational motions in live cells
is still challenging. Through the development of neehniques and carful design of the
experiments, researchers are able to track rotatiooEons of hano-objects in vitro studies.

For example, single-molecule fluorescence polarizatidrequently used to acquire orientation
information of a target moleci&; however, its usefulness in live cells is limited bythig
cellular auto-fluorescence background and bleaghiogensity of single fluorophores.
Rotational motions can also be resolved by trackiegBD translational motion of a large probe
with high precisioff** however, the translation tracking-based methodsnegpecific
geometries of the studied system, e.g., fixed mtatenter or axis, thus are also not suitable for
live-cell imaging.

To overcome these limitations, we recently developeidtagrated single particle
orientation and rotation tracking (SPORT) platfdirat allows us to resolve not only
translational but also rotational motions of namtes inside live celt& This technique takes
advantage of the plasmon resonance-associated hieida of gold nanorotds° and
Nomarski-type DIC microscopy %% which utilizestwo orthogonally polarizetheams for
illumination. DIC images are generated by the interiee of the two mutually shifted
intermediate images. Optical@nisotropicnanoparticles show as diffraction limited spots with

bright and dark peaks on a gray background in Di@gegFig. 1), andthe relative bright and
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dark intensities armmdependenieasures of the effective projections of the nanorottstbe

two polarization axed hus we are able to resolve tB® orientation of gold nanorod (the
elevation angle and the azimuth angle as defin€igr2a) in each DIC imag8. In practice,

the accuracy and precision of the calculated nanoriedtation in 3D is directly related to the
signal-to-noise ratio of the bright/dark intensitiedich declines when the projection of the
nanorod approaches either of the polarization daest However, it is important to note that i
a continuous orientation tracking experimedéntifying the nanorod’s rotation patterns from
the dynamic rotation context is possible as the rajatanorod goes through positions that can

be resolved with either high or low confidence aléively.

Experimental

DI C and fluorescence microscopy. An upright Nikon Eclipse 80i microscope equipped
with a heating stageas used in this studWhen the microscope is operatedilC mode, a set
of 2 Nomarski prisms, 2 polarizers and a quarterenalate were installed. The samples were
illuminated through an oil immersion condenser (nuoatperture 1.40) and the optical signals
were collected with a 100x Plan Apo/1.40 oil imn@nsobjective. In collecting DIC spectra, a
set of 25 filters with central wavelengths in thegewf 400-780 nm andfall width at half
maximum FWHM) of 10 nm were used. The optical filters were oted from Thorlabs
(Newton, NJ) or Semrock (Rochester, NY). The DICge®gat a selected wavelength were
collected by inserting the corresponding bandpétes finto the light path in the microscope.
collecting images of individual immobilized gold naods, a Photometrics CoolSnap ES CCD
camera (13921040 imaging array, 6.456.45um pixel size) was used.

When the microscope is operated in epi-fluorescemude, the sample was excited by a
mercury lamp. In dynamic tracking individual end@sjs events, the microscope needs to be
toggled between DIC mode and fluorescence mode \ildgsachieved by installing proper
optical filters on the modular filter wheel of thekidih microscope. Two shutters were used to
select the illumination of the sample and the @pfiitter wheel was rotated manually to select
DIC or fluorescence imaging mode. In recording theagyics of individual endocytosis events,

an Andor iXorf™+ camera or a Photometrics Evolve camerax512 imaging array, 26.6-um
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pixel size) was used at 32 frames per second (fhehwsing full image size or 200fps when
choosing small region of interestrotary motor from Sigma Koki (model no. SGSP-60WA
was coupled to the microscope stage to contrat-phesition of the sampléddATLAB and NIH
ImageJ were used to analyze the collected imagesgidads.

Preparation of surface-modified gold nanorodsfor cell experiments. Cetyl
trimethylammonium bromide (CTAB)-capped (25x73 nm3x1.0" particles/mL) gold nanorods
were obtained from Nanopartz (Salt Lake City, Ulje size distribution and geometric profile
were evaluated with transmission electron micros¢Sppplementary Fig. 1a) and agreed
well with the manufacturer’s data. The absorptioscsum of the particles in bulk solution
(Supplementary Fig. 1b) was measured with a Cary 300 UV-VIS spectrophotonfeseian,
Palo Alto, CA).

To functionalize the surface of gold nanorods wisimsferrin Sigma-Aldrich, a NHS-PEG
disulfide linker (Sigma-Aldrich) was used by followy a published protocdiThe NHS-PEG
disulfide linker has both disulfide and succininifiynctionalities for respective chemisorption
onto gold and facile covalent coupling of transfegror other proteins. Briefly, excessive
surfactant was first removed from 1.0 mL gold nadicsolution by centrifugation at 3000 g for
10 minutes and the particles were resuspended imlL® mM borate buffer. A proper amount
of fresh NHS-PEG disulfide solution (in dimethylfexiide) was added to reach a final thiol
concentration of 0.2 mM and reacted with gold nadsrfor 2 hours. The solution was then
cleaned up by centrifugation and resuspended iMzorate buffer. For transferrin-modified
gold nanorods, 20/g transferrin was added to the gold colloidal soluticeh r@acted for 8
hours. The gold nanorods were then blocked by adi@gnL 10% BSA solution (2 mM
borate buffer) for over 8 hours. Before use, theoaddil gold nanorod probes were cleaned up
by centrifugation and resuspended in 5001% BSA (2 mM borate buffer). The concentrated
gold colloidal solution was diluted in cell culture dilem to a final concentration of 4.3x10
particles/mL for incubation with cells.

Imaging of immobilized gold nanorods. The purchased gold nanorod solution was diluted
with 18.2-MQ pure water to a proper concentration and sonicatetbfmin at room

temperature. @L of the diluted solution was added onto a freshiyankd glass slide and
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covered with a 22x22 mm No.1.5 coverslip (Corniny) Nl'he positively charged gold
nanorods were immobilized on the negatively chargefdceiof the glass slide by electrostatic
forces. The glass slide was then placed 86Qf+otating mirror holdeaffixed onto the
microscope stagdy rotating the mirror holder’sor 1C¢ per step, the nanorods were positioned
in different orientations, and their DIC images en840 or 720 nm illumination were taken
with thePhotometrics CoolSnap ES CCD cametze €xposure time was adjusted to maintain
the same background intensity at different wavelengths

Cell culture. Human lung cancer cell lingas purchased from American Type Culture
Collection (ATCC, Manassas, VA; catalog number: CCB)18he cells were plated in a T25
cell culture flask (Corning) and grown in cell cutumedium supplemented with 10% fetal
bovine serum (FBS). When subculturing, 1&00f cell suspension solution was transferred to a
22x22 mm poly-L-lysine (PLL)-coated coverslip, houged 35-mm Petri dish (Corning). The
Petri dish was left in a cell culture incubator 37%% CO2) for 1 hour to let the cells attach to
the coverslip. After 1.5 mL of the cell culture meadiwith 10% FBS supplement was added to
immerse the coverslip, the Petri dish was left agathe incubator for 24 hours. For the
hypertonic treatment, the cells were preincubate@®min in the cell culture medium and
supplemented with 0.45 M sucrose before exposuteeteurface-modified gold nanorods.

Transfection of cell to express Clathrin-L Ca-EYFP. E. Coli bacteria with
clathrin-LCa-EYFP plasmid were provided by Profes&wang Xiaowei through Addgene
(Plasmid 21741, Cambridge, MA)The plasmid was extracted from the bacteria by using
plasmid extraction kit (cat. 27104) and the correspapgrotocol from QIAGEN (Valencia,
CA). The human lung cancer cells were grown on @iein a petridish for 24 hours in cell
culture incubator (3T, 5% CQ). Then the EYFP-clathrin plasmid was mixed with the
transfection reagent (Fugene 6, Roche Applied Sciéndignapolis, IN) in serum free cell
culture media first. Later the mixture solution vir@soduced into the petridish containing the
cells. After additional 24 to 48 hours in the incidvathe cells were ready to use.

Live-cell imaging of endocytosis. The microscope stage was pre-heated to 37°C if desired.
Two pieces of double-sided tape served as spaceopai a pre-cleaned glass slide. A

coverslip with cells was placed carefully on toptw tapes to form a chamber, with the cell
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side facing the glass slide. 20 of the surface-modified gold nanorod solution (4.68%
particles/mL) were added to the chamber. The two gpes of the chamber were sealed by
nail polish to prevent evaporation. The observasimnted immediately using the Andor camera
at 32 fps or 200 fps. The endocytic events were fatbwithin two hours of the slide

preparation.

Results and Discussion

To help correlate recorded DIC intensity traces wetil nanorod rotational motions,
computer simulation was employed to generate theiliEDsity changing patterns as the
nanorod rotates in the 3D space. There are two modafnental rotation modes: the in-plane
rotation in which the rotation axis is perpendicutathe object plane and the nanorod rotates
within the plane, and the out-of-plane rotation inichk the rotation axis is in the object plane
and the nanorod swings out of the plane. Any otbi&tion motion with a fixed axis can be
decomposed into these two fundamental modes. Théated intensities show distinctive
changing patterns for these two modeig(2bc): the anti-correlated changes of the bright and
dark intensities for the in-plane rotation modegewehthe bright intensity increases as the dark
intensity decreases; and the correlated intensapgés for the out-of-plane rotation mode,
where the bright and dark intensities increase/deergahe same time. Whdme rotation axis
is aligned with one of the illumination polarizatidimections(Fig. 2de), only the bright or dark
intensity changedn reality, a nanorod can show complicated rotatiomations as the rotation
axis changes its direction continuously due to Briew motion. These simulated DIC intensity
changing patterns help us identify simple rotatisosfreal DIC intensity traces in short
periods of time, thus leading to possible disclogiirtae restraining factors for brief moments.

We next tracked the rotational motions of gold made on the cell membrane and during
the subsequent endocytosis by A549 human lung caetier Endocytosis is a fundamental
biological process underlying many other cell actgtianging from regulation of intercellular
signaling to nutrient uptak&®. Among various endocytic pathways, clathrin-mediated
endocytosis (CME) is one of the most importantesdor cell to internalize a wide range of

biological compounds by engulfing them with cell meam#. Current view for CME is that
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many proteins are sequentially recruited and grouptedunctional modules to drive
endocytosis through a series of steps: coat formati@mbrane invagination, actin-meshwork
assembly, and vesicle sCissiotT. Despite extensive work mentioned above, there #ire st
controversies concerning how these functional proteidules cooperate to accomplish their
functions. For example, dynamin assembly is beligggutovide a mechanochemical function
for fission in the last step of endocytdsiDifferent models have been proposed to explain how
dynamin breaks the neck of the clathrin-coated@@R): constrictiof?, expansioff, twisting”’,

and stochastic cycliffy* Herein we provide nevive-cell observations on the translational and
rotational motions of gold nanorod cargos duringahmplete endocytosis processes.

To facilitatecellular uptake, theanorods wereonjugatedvith transferrifi® through PEG
linker moleculesRecent studies show that CME plays a key role in legllyptake of
transferrin-coated gold nanospheres and nanorogs®fm in siz&. In the present study, we
visualized the dynamic internalization of transfercbated gold nanorods by transfected A549
cells that expressed enhanced yellow fluorescemtipr(EYFP) tagged clathrin. The
co-localization of gold nanorods and the fluorescérara EYFP-clathrin gives direct evidence
that CMEis involved in the internalization of transferrin-te@ gold nanorods with a size of
25x73 nm.Fig. 3 shows such a case where 3 out of 8 transferrin-d@gtiel nanorods binding
to the membrane of a transfected A549 cell displalpcalized EYFP fluorescence after a
30-min incubation in the colloidal nanorod solutibtmaddition, we observed that the
internalization of transferrin-coated gold nanori@dstrongly dependent on the ambient
temperature and osmotic pressure. After a longbation at4°C, a significant amount of gold
nanorods were observed binding to the cell membramn@dbieing endocytosed. Then the
temperature was raised to 37°C, and over half oh#m®rods initially spotted on the cell
membrane were internalized within the first two fsodn another control experiment, whbe
cells were treated with a hypertonic media (sugras&7°C,significant decreases in the uptake
of the nanorodsvithin the first two hoursvere observed, compared to the nanorod uptake by
the cells not treated with the hypertonic meiiize temperature dependence and the response to
the hypertonic treatment, whiclisrupts the formation of clathrin-coated vesicles (CG\V8,

consistent with previous reports that Cli4Ehe key pathway for the cellular uptake of
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nanometer-sized particfég®

We followed the dynamic uptake of each nanorod contislydrom its abrupt appearance
on the cell membrane until the nanorod was lineaalydported over long distances — convincing
evidence of the nanorod being inside the cell. Untitnventional single-particle tracking probes,
gold nanorod probes disclose not only translationahlso rotational motions on the cell surface,
giving flickering images for easy probe identificatidmore importantly, he nanorods display
characteristic rotational motions at different endiacstagesFig. 4 shows such an example of a
complete process of nanorod endocytosis by an ABA9

The motions of nanorod at the early stage of bindiage characterized by active lateral
diffusion in a relatively large area on the cellmieane(e.g.,Fig. 4a-c) and fast and random
rotationas revealed by the DIC intensity changing patternsekample, duringhe framed
period (472.7 — 473.2 s) Fig. 4c, the nanorod likely rotated around one of the poladrat
direction in an out-of-plane rotation mode (similathe simulated case kig. 2d) while its
DIC image changed quickly from completely brighgtay and then to completely bright again,
without going through a completely dark state.

The nanorod gradually lost its translational andtiohal freedoms on the cell membrane.
The lateral movement quickly became restrained and camedmplete stop at 497.9 s. The
rotational motion also became much slower, givingmless frequent fluctuations in the DIC
intensities Fig. 4d). From the DIC intensities, we can identify that emponent of in-plane
rotation mode became more pronounced. For exampte,500.4 to 501.1 s iRig. 4d, the
nanorod’s DIC intensities changed in an anti-coti@iamanner from completely dark to
completely bright and then to completely dark agstirowing a typical in-plane rotation mode.
The gradual loss of translational and rotationeéfloms and the increase of the in-plane
rotation component were an indication of the assemlof the endocytic machinery around the
gold nanorod. This is also supported by the flueese observation: at 531.4 s, a clathrin coat
has already been assembled around the gold narfeigd€), suggesting that the nanorod was
on the way to be enveloped by a CCP which limitechdmrod from rotating out of the
membrane plane.

For all nanorods that were eventually internalizbdir rotational motions ceasata
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certain point of time, an indication that the nanisravere completely locked up by receptors
and other assisting proteins on the membrane, costtby CCPs. The nanorods then all
experienced a quiet period of several tens of secadidisig which the nanorod showed little or
no rotation. Finally, the nanorodbruptlyregained rotational and translational freedoms,
indicating that the vesicles were detached from tHeneihbrane. IrFig. 4f, the detachment of
this nanorod-containing vesicle occurred at 553Ths.nanorod’s DIC image changed rapidly
from dark to bright at the first moment, likely digeits sudden release from restraining forces,
as well as random rotational diffusion. The transtal motion followed almost immediately,
showing a slow drifting away from the original enspot. At 570.2 s (16.5 s after the
detachment event), we observed that the clathrinadeedy disassembled from the vesicle.
This nanorod-containing vesicle was continuouslip¥eed until it was actively transported
inside the cell at 599.4 s.

These findings disclose characteristic rotationaiiong of nanorod cargos at different
endocytic staged=(g. 5): translation and rotation, rotation at a fixedtsfitile or no rotation
during the quiet period, and re-rotation with dsifan and transportation. Combining with
dynamic clathrin aggregation observed in fluoreseanode, this rotation-based model not only
supports the current endocytosis models derived free spatial and temporal organization of
modular protein molecule groups™ ** *° but also provides new insights in the understanding
endocytosis progression.

The SPORT platform reveals for the first time thatliss of translational freedom of a
cargo does not coincide with the loss of rotatioreédom during the early stage of endocytosis.
The fluorescence observations show clear evidenteldtarin molecules aggregate after the
cargo’s translation has already ceased. The rotdtioation of the nanorod cargo slows down
gradually, which is in line with the view that theat formation is a gradual process, and finally
comes to a complete stop, which is likely caused tyeethe sequentially recruited
receptors/assisting proteins firmly attach the wimaleorod onto the cell membrane, or the cell
membrane fully wraps around the nanorod to form a, @€Poth. Depending on the cargo’s
motion status, the SPORT platform provides a newagmbr to study the functions of different

assisting proteins and how different coatings feat#i or inhibit endocytosis.
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Our most important discovery is that before a naneeosdo is endocytosed atways
experiences aduiet’ period during which the nanorod is poised withouhw&ctranslational and
rotational motions. The nanorod then abrupgigains both rotational and translational freedoms.
In the current models, endocytosis can be viewedsasies of distinct sub-steps completed by
groups of interacting proteitfs During invagination, the CCP moves slowly toware ithside of
the cell body under multiple protein modules thatiavolved in accelerating actin-filament
assembly and stabilizing new filaments. The vesiciesgon module (dynamin proteins) then
assembles around the neck of the CCP and cuttih@fihembrane. This whole process was
reported to have an average time of ~40ls the present study, 20 completedocytosis events
were recorded, and the average “quiet” time was $§%8nging from 17.2 to 102 s), starting
from the nanorod losing rotational freedom to rextiog again. This “quiet” period clearly
corresponds to the invagination of the CCP, oeastl overlaps with the invagination process
from the scission point retrograde. Moreover, isweported that dynamin assembling lasts ~20
s and peaks just before the scission fbiftur observation shows that there is little or no
rotational motion of the nanorod cargo in this périndicating dynamin assembling doex
introduce continuous rotational motion on the membngits. This observation implies that the
dynamin-induced stretching fof€és the main contributor for breaking the vesicle nedkvin
cells.

Finally, the SPORT platform can easily capture thesgmispoint when the gold
nanorod-containing vesicle restores active rotadinthimmediately followed by active
transportationThe exact timing of scission is usually difficutdetermine with other
single-particle/molecule imaging technigtfe§or example, using a combination of
total-internal reflection and epi-fluorescence fluosrse microscopies, the small inward
movement of a clathrin-coated pits at the late sthgmdocytosis can be monitored
dynamically®. However, it is often unclear whether the inward ement is caused by free
diffusion of nascent endocytic vesicles or invagirabf receptor-coated pits driven by the
endocytic machinefy. Therefore, a pH sensitive dye-tagged cargo togethbrawit
buffer-exchange system were employed to probedbessibility of the interior of the vesicle to

the extracellular buffer thus the timing of scissiat the expense of a reduced temporal
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resolution in the time scale of secoHd$vith gold nanorods as reporters, it becomes simple to
resolve the moment of scission in the time scalers ¢t milliseconds athe gold nanorods
regain abrupt rotational and translational freedaiglenced by the moving and flickering DIC

images of the nanorods.

Conclusion

In summary, we demonstrated single particle ori@rand rotation tracking in live cells
with the combination of DIC microscopy and rod-shapeld ganoprobes. The characteristic
translational and rotational motions of the gold mada@argos were resolved in detail at each
stage throughout the whole internalization procdssjding new light toward revealing
functions of protein nanomachines. Due to the nleadhing nature of gold nanoparticle probes,
the observation time can be extended much longarftharescence-based techniques.
Combined with super-localization techniques, esplgdiathe z-direction, this method can
potentially be developed into a high-precision e spatial coordinates and two orientation
angles) tracking technique. Working mechanisms abuarcellular nanomachines may be

resolved with the SPORT platform.
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Figure Captions
Figure 5.1. lllustration to show the image formatidran optically birefringence nanoparticle

under a DIC microscope.

Figure 5.2. Computer simulated DIC intensity chaggiatterns of a gold nanoro@) (
Definitions of the elevation angle and the azimuth angle (b) In-plane rotation modec)
Out-of-plane rotation mode in a vertical plané #bbothx- andy-polarization directions dj
Out-of-plane rotation mode in a vertical plane withaaimuth angle of 90(e) Out-of-plane

rotation mode in a vertical plane with an azimutglarof ©.

Figure 5.3. Co-localization of the gold nanorods BNdFP-clathrin-coated pits on a transfected
A549 cell membranea] DIC image, ) fluorescence imageg)(overlapped DIC and
fluorescence image, and)(expanded images of the framed areas in (c). Tlee thenorods
co-localized with fluorescent clathrin coats weteelad with red arrows and the other five
nanorods without co-localized fluorescence were labglddorange arrows. Considering that
coating of clathrin on endocytic pits is a transiewicpss, this observation suggests that
clathrin-mediated endocytosis is a key pathwayHerihternalization of transferrin-coated gold
nanorods. The integration time was 310 ms for lineéscence image and 31 ms for the DIC

image.

Figure 5.4. A complete CME event of a gold nanornpam A549 cell. Time 0 is set to the
moment when the nanorod first appeared on the membEThe cell and the location of the
gold nanorod probe on the cell membrane. The nansasdbeside a cell feature that showed a
constant contrast throughout the recordiby.The trace of the nanorod’s active translational
movement at an early binding stagg).RIC intensities of the nanorod in the same periodbas (
The framed period shows typical out-of-plane rotatidd) DIC intensities of the nanorod at a
late stage. The framed period shows typical inlatations.€) Sequential DIC and
fluorescence images captured in tandem showinghbajold nanorod co-localized with a CCP.
The movie was acquired at 32 frames per second conisty and the displayed fluorescence

images were the average of 10 consecutive imagestfrmmovie. {) DIC intensities of the
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nanorod before and after scission of the nanorothaung vesicle. The nanorod lost active
rotation at 536.5 s and regained rotational antstegional freedoms at 553.7 s. The same
particle was observed to lose co-localization ofriisasence from EYFP-clathrin, indicating the

clathrin disassembly.

Figure 5.5. Rotational and translational motiona a&inorod cargo during endocytosis and

presumed correlation with current modular endocgtogidels.
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Figure 5.1
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Figure 5.2
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Figure 5.3
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Figure 5.4
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CHAPTER 6. DYNAMIC ORIENTATION OF NANO-CARGOS DURING
MICROTUBULE-BASED INTRACELLULAR TRANSPORT

Abstract
We demonstrated that by using gold nanorod probe®H#ndnicroscope, dynamic
orientation of nanometer-sized cargos during midgrote-based intracellular transport can be
resolved at video rates. The vesicles containingosatend to have a train-like movement, with
a fixed vesicle-to-microtubule orientation in thartsport. Especially, the vesicles’ orientation
shows little change during transition points, afthich the vesicle continues to move forward
or reverse transport direction. This indicates thatorientation of the cargo-containing vesicle
is tightly controlled at temporary stops duringisport. These new observations may help to
understand resolved questions in intracellular parissuch as whether motor molecules with

different directionalities work in coordination agffit a “tug of war”.
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Introduction

Microtubules are one component of the cytoskeletowaritwithin the cytoplasm of
mammalian cell$ They not only maintain a cell’s shape, but also susfgecific cellular
functions through serving as moving tracks in intiatai transporf:® For example, in neuron
cells, specialized proteins manufactured for siggghirocesses are transported from cell bodies
towards axon tips, while endocytic vesicles at akmmmove towards cell bodies through
retrograde transpoftThese transport processes are accomplished by kiresidynein motor
proteins through converting chemical energy from biydiis of adenosine triphosphate (ATP)
into mechanical work. Kinesin and dynein motor pireggransport cargos in opposite directions
to different destinations by “walking” on the intedlclar microtubule networkThe
dysfunction of intracellular transport may cause sexidiseases, such as neurodegenerative
Alzheimer’s disease.

The complete understanding of the working mechanafmscrotubule-associated motor
proteins is imperative in order to realize the udtiengoal of the applications of intracellular
transport in human health and medicines. This ire@hesolving motor proteins’ motions
accurately and precisely, which has spurred researahére fields of biology, chemistry and
physics for many years. Tl vitro transport behavior of motor proteins has been studied
extensively™ For example, kinesin and dynein step on the micrdéubith a predominant
step size of 8 nm****kinesin tracks the same protofilament of microtubfifwhile dynein
may step off one protofilament to neighboring pfitaments*® Thesein vitro models paved the
way for the understanding of much more complicatedvo transport, which involves multiple
intracellular regulation pathways and multi-motoorination in a single transport evéht’

With the fast development of imaging techniques,aeders are able to track translational
motions with high precision at individual moleculefiide level in highly auto-fluorescent cell
environment$**The 8 nm step-by-step movement of motor proteinarealetectable in live
cells?*#

In contrast to translational motions, rotational imag generated by motor proteins are still
largely unknown due to technical difficulties. Feaeple, little has been known for the dynamic

cargo orientation during a linear transport, olimythe pauses, direction-reversing, and changing
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transport tracks. All of these are crucial to untiers the motor-regulator or motor-motor
interactions, which is currently under intensivedstigation'>?° Single molecule polarization
imaging is a potential method to probe dynamic daton — or rotation — of the cargo in
nanometer sizes. However, the autofluorescence tmakgrand high bleaching propensity make
it challenging from being successfully employed@tiular environments. The orientation and
rotation information can also be obtained by trackiagslational motions of a relatively large
particle with high precision. For example, with caligfdesigned experiments and recently
developed techniques, e.g., microtubules with aaiog®?° quantum dot-assisted fluorescence
interference contrast (FLIC) microscoPyand fluorescence microscopy with a wedged prism at
the back-focal-plane of the objecti¥/af becomes possible to detect the self-rotationlidirmg
microtubules with a diameter of ~25 nm. These meth@Ve not yet been reported in the
literature to study motor proteins in live cells.

We recently introduced a new technique based on tibioation of gold nanorod probes
and differential interference contrast (DIC) micrggyg to achieve single particle orientation and
rotation tracking (SPORT). Gold nanorods, whichehamisotropic refractive indicé?° show
bright-and-dark interference patterns in Nomarsget{pIC microscops’ The bright and dark
intensities are effective projections of a nanavatb the two mutually orthogonal polarization
directions of the two illumination beams used inl& Enicroscope’** Thus, we were able to
resolve the dynamic orientation of gold nanorod psobound to gliding microtubules on

kinesin-coated glass slides.

Experimenat|
Dual mode DI C/fluorescence microscopy. An upright Nikon Eclipse 80i microscope
equipped witha heating stageas used in this studyhis microscope was modified that it can
be operated in DIC mode, epi-fluorescence mode, GfflDbrescence dual-mode. When the
microscope was operatedMC mode, a set of 2 Nomarski prisms, 2 polarizedsa
guarter-wave plate were installed. The samples weraiitlated through an oil immersion
condenser (numerical aperture 1.40) and the opiipals were collected with a 100x Plan

Apo/1.40 oil immersion objective. The DIC imagesiaelected wavelength were collected by
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inserting the corresponding bandpass filter ineolidpht path in the microscope. The optical
filters were obtained from Thorlabs (Newton, NJBemrock (Rochester, NYyVhen the Nikon
microscope was operated in epi-fluorescence modeglsamwere excited with a mercury lamp
with proper bandpath filters applied in the excitatamd emission channels. When the
microscope was operated in DIC/fluorescence dualenthe instrument was set up as in
Supplementary Figure 1. A dual-view filter cube (MA&®systems, Tucson, AZ) was installed
at the microscope exit port to split the output imexge two images at selected wavelengths:
one for the DIC image and the other for the fluceese image. The two images were then
projected onto different portions of the same camiimand collected simultaneousin

Andor iXort"+ camera or a Photometrics Evolve camera%512 imaging array, »686-um
pixel size) was used to record the dynamigivo andin vitro transport at 32 frames per second.
A rotary motor from Sigma Koki (model no. SGSP-60YAMas coupled to the microscope
stage to control theposition of the sample. The CCD camera and the stageswyechronized
by a home-made C++ computer progrdfTLAB and NIH ImageJ were used to analyze the
collected images and videos.

Preparation of surface-modified gold nanorodsfor cell experiments.
Neutravidin-modified gold nanorods (10x35 nm) weunecpased directly from Nanopartz (Salt
Lake City, UT). TAT-coated gold nanorods were maaiffrom cetyl trimethylammonium
bromide (CTAB)-capped (25x73 nm, 1.3*4particles/mL, Nanopartz) gold nanorodie size
distribution and geometric profile were evaluatethwiansmission electron microscopy and
agreed well with the manufacturer’s data. To funwlze the surface of CTAB-coated gold
nanorods with TAT 47-57 peptide (sequence: YGRKKRRQR&RSpec, San Jose, CA),
NHS-PEG disulfide linker (Sigma-Aldrich) was usedfbljowing a published protoctl The
NHS-PEG disulfide linker has both disulfide and suioaidyl functionalities for respective
chemisorption onto gold and facile covalent couplih§AT peptide. Briefly, excessive
surfactant was first removed from 1.0 mL gold nadicsolution by centrifugation at 2000 g for
10 minutes and the particles were resuspended imlL® mM borate buffer. A proper amount
of fresh NHS-PEG disulfide solution (in dimethylfexiide) was added to reach a final thiol

concentration of 0.2 mM and reacted with gold nadsrfor 2 hours. The solution was then
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cleaned up by centrifugation and resuspended in Zoareite buffer. For TAT modified gold
nanorods, 2.0 pg TAT peptide was added to the gulldidal solution and reacted for 8 hours.
The gold nanorods were then blocked by adding 1088 BSA solution (2 mM borate

buffer) for over 8 hours. Before use, the colloigald hanorod probes were cleaned up by
centrifugation and resuspended in 5001% BSA (2 mM borate buffer). The concentrated gold
colloidal solution was diluted in cell culture meudido a final concentration of 4.3x%10
particles/mL for incubation with cells.

Cell cultureand intracellular transport of gold nanorods. A549 human lung cancer cell
line was purchased from American Type Culture Colbec{iCCL-185, ATCC, Manassas, VA).
The cells were plated in a T25 cell culture flaskrf@ng) and grown in cell culture medium
supplemented with 10% fetal bovine serum (FBS)delaculture incubator (37°C, 5% CO2).
When subculturing, 150L of cell suspension solution was transferred to &222am
poly-L-lysine (PLL)-coated coverslip, housed in arBBt Petri dish (Corning). The Petri dish
was left in the incubator for 1 hour to let the calitaich to the coverslip. After 1.5 mL of the cell
culture medium with 10% FBS supplement was added teens@rthe coverslip, the Petri dish
was left again in the incubator for 24 hours. Guidiorods were diluted in cell culture medium
to proper concentration and incubated with cellsnfiohour to 8 hours as desired. After
incubation, the microtubules were stained with TubTtacker Green Reagent (T34085,
Invitrogen, Carlsbad, CA) for 30 mins in the incudrasiccording to protocol provided by
Invitrogen. Then the coverslip with cells was potgtass slide with two strips of double-sided

tape as spacer to form a chamber, and was put onsoape for observation.

Results and Discussion
In the present study, the SPORT technique is emplayszbblve the dynamic orientation
of nanometer-sized cargos during microtubule-basetsport in live cells. Gold nanorod probes
with a dimension of 25x73 nm were naturally interedi by A549 human lung cancer cells to
form endocytic vesicles, and their subsequent intnalegltransport on cytoskeleton tracks was
followed with fluorescence and DIC microscopy.

Fig. 1 shows a complete intracellular transport @sswf a nanorod-containing vesicle
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starting from the beginning of the transport to anpwihere the transport was stopped. To
ensure that microtubule-based transport is obsewedpodified a DIC microscope so that it
can collect fluorescence and DIC images simultangdtigure 2). The microtubule tracks
inside a living cell were dyed with Oregon Green 4&883ed taxol molecules. Fig. 1b shows the
overlapped DIC and fluorescence images. The trajeofdtye translational movement of the
nanorod was also plotted in blue to show that tm®rw was transported on the microtubule
tracks.

Based on the information on both translational anatiarial motions of the nanorod probe,
5 different stages in this transport process anatifitsd and labeled in Fig. 1c. We are able to
draw more detailed physical pictures of each stage aviisotropic gold nanorod probes than
with isotropic probes like gold spheres or quantots.

During the first half of Stage 1, the DIC intensit@the nanorod fluctuated drastically,
most likely representing rotational diffusion witha restricted location. The fast rotation slowed
down in the second half of Stage 1, possibly irtifigethat a partial attachment of the
nanorod-vesicle to the microtubule was establishegt INeStage 2, the nanorod-containing
vesicle was transported on a microtubule fori@Bwith an average speed of Qi8/s,
consistent with the reported vallfédt is interesting to note that the nanorod’s DIC imag
changed from almost completely dark to almost cetay bright at the beginning of the
transport, a ~ 90° turn of the nanorod-containingclesThis reorientation should be ascribed
to the pulling force generated by motor proteinsrdutransport that the vesicle changed from a
relaxed state to a state under tension. In Stdtee3/esicle paused for 2.5 s at the same location.
The nanorod probe showed an almost constant bngige, indicating the orientation of the
vesicle was fixed during the pause. It should edthat it was only with the orientation probe
that we were able to tell the difference betweemthese in Stage 3 and the rotational diffusion
in Stage 1. The lack of rotational motion suggésas the vesicle was still under tension during
the temporary pause. This observation depicts a nagerthat the nanorod-containing vesicle
was tightly bound to the microtubule by multiple toroproteins, most likely with both
directionalities (both kinesin and dynein), beforpritceeded forward translational motion. In

Stage 4, the vesicle was transported again on tb®tubule tracks at 0;8m/s. In Stage 5, the
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vesicle came to a stop gradually and restored éteaed state with active rotation within a
small region, indicating it was likely detached frime microtubule track.

An important finding of using gold nanorods and Di&roscopy to probe intracellular
transport is that vesicles tend to keep their caigort with the underneath microtubule during
the transport, showing a train-like movement. Tas be identified when the
nanorod-containing vesicles are transported alotigamgst line, giving relatively constant
bright/dark images as in Stages 2 and 4 in FiguFeégl.3 shows a further example that this
relative orientation was locked even when the partdirection changed. A nanorod-containing
vesicle was transported first to the northeast tior@nd then made a ~90° turn onto the
southeast direction. The nanorod gave mostly dadges on the northeast track (Stage 1 in Fig.
3b) and mostly bright images on the southeast {{&tdge 3). During the transition Stage 2, the
DIC image of the nanorod changed gradually from cetep} dark to completely bright in ~1 s,
indicating the orientation of the nanorod also cleghigy ~90°. The train-like motion in this
case implies that the same set of protein motore @maployed in the transport on multiple
microtubule tracks to maintain the relative oriemtatdf the vesicle to the microtubule. The
trends of the bright and dark intensities over a ljpaigod are clearly flat with noticeable
fluctuations from frame to frame, which were likelysad by steric hindrance inside a living
cell®

A third example of transport of nanorod-containingigke inside a living cell was shown
in figure 4. Again, the gold nanorod showed rekdihconstant bright images on the linear track.
An interesting feature of this transport event & the nanorod reversed its transport direction,
most likely on the same microtubule track. The nat@ave bright images throughout the
event. The DIC intensity levels were slightly diéfat for the forward and backward movement
(Fig. 4b). This indicates that there was a slighgrtation change of the vesicle, caused by
switching sets of motor proteins with different diienality:* dynein in the forward movement
toward the nucleus and kinesin in the backward moveaway from the nucleus. Between the
two segments of transport, there was a short pafudd s, during which the effective motor
proteins were switched from dynein to kinesin witlile vesicle stayed at the same location.

The above three ev events show for the first tineedetailed orientation information of
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cargos in live-cell transport. The cargo-containiegigles tend to have a train-like movement,
with a fixed vesicle-to-microtubule orientationthre transport. The fixed vesicle-microtubule
orientation during transport is consistent with litexature that microtubules of most
mammalian cells contain 13 protofilameritsVe studied 41 cases of intracellular transport of
nanorod-containing vesicles. A minimum travelingalice of 41m was applied to exclude
short intracellular transport. In these 41 casesplgerved 21 cases (~50%) that the nanorod
kept a relatively constant bright/dark image dumnignear transportation. The rest showed
irregular (no periodicity) DIC intensity changingtgerns, most likely caused by steric
hindrance.

Especially, event 1 and 3 disclose the orientationrimdtion of vesicles at temporary stop
points, during which the cargo’s next movement igaeined. Event 1 shows such a transition
point after which the cargo continued to move fayavhile in event 3 the vesicle reversed its
advance direction. The transition points are recgiwiore attention in recent intracellular
transport studies, especially where a networkasfdportation tracks are involvEt° How the
cell signals and regulates the movements of the gargtaining vesicle, especially the binding
status of multiple motors and signaling moleculethéovesicle and the track is still uncl&&®
In events 1 and 3, we show the cases that the vearddsmly attached to the microtubule
tracks throughout these pausing points, no mattetivehn the vesicle continues to go forward or
reverses its direction. These new observations greetcevidence that the relative orientation

of cargo-containing vesicles to the microtubuléghtly controlled.

Conclusion
In summary, we demonstrate that by using gold nahprobes and DIC microscopy,
dynamic orientation of nanometer-sized cargos duriimgotubule-based intracellular transport
can be resolved at video rates in live cells. Coegbéw single molecule fluorescence
polarization imaging, this method is more robudkeims of resistance to photobleaching and
background noise. We report for the first time that\esicles containing cargos tend to have a
train-like movement, with a fixed vesicle-to-micrbtue orientation in the transport. Especially,

these studies show that the vesicles’ orientatitighgly controlled at temporary stops during
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transport. These new observations can possibly sedight on many live-cell transport
mysteries, such as the question whether moleculareith different directionalities work in

coordination or fight a “tug of war” to reverse thartsport directioR>>>>°
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Figure captions
Figure 6.1. An example of cargo transport processlive cell. (a) Scheme of intracellular
microtubule-based transport of a gold nanorod-coimgivesicle. (b) The overlapped DIC (gray)
and fluorescence images (green) of the cell contathiagold nanorod probe. The green
fluorescence shows the distribution of the microtemetwork. The blue curve shows the
intracellular transport trace of the nanorod-corntgjivesicle. (c) The expanded view of the
fluorescently tagged microtubules in the frame iegla). (d) DIC intensities as a function of
time during the whole process, which is divided istages at the following time points: 3.1,

4.5, 7.3, and 10.3 s. A detailed explanation offieestages is provided in the text.

Figure 6.2. Optical path of the dual-mode DIC/fleszence microscopy.

Figure 6.3. An example of train-like motion whenesicle was transported on microtubule
tracks. The gold nanorod showed a mostly dark imagéshem mostly bright images after a
~90° turn on microtubule tracks, indicating the atdion of the nanorod also changed ~ 90°
after the turn. (a) The DIC image of the cell amel trace of the intracellular transport of the

nanorod-containing vesicle. (b) DIC intensitiesdanction of time.

Figure 6.4. An example of bi-directional cargo tramspolive cells (Movie 3). The
nanorod-containing vesicle was transported forveaud then backward on the same
microtubule track inside a live cell. (a) The nearfgetty overlapped forward and backward
traces of the gold nanorod-containing vesicle dutliregtransportation. (b) The displacement
and DIC intensities of the nanorod as a functionneét The displacement was defined as the

distance between its positions at titr@nd time 0.
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CHAPTER 7. AXONAL TRANSPORTATION OF GOLD NANORODS STUDIED WITH
DIC MICROSCOPY

Abstract

In this work, the transport of endocytosed gold mads in the axon was studied with DIC
microscopy. The white/black intensity pattern irCDinages of both actively transported and
free diffusing nanorods were analyzed and comparedughrcalculating the relative mean
intensity variation, it was found that the rotatfoeedom of cargoes during active transport was
greatly reduced compared to that during free diffiusit is because motor proteins (kinesin and
dynein) that bind cargoes to microtubules resthietdargo’s free rotation. For active transport,
the short and infrequent pause phenomenon happebethininidirectional and bidirectional
movement was also observed and analyzed. Duringahse stage, although the nanorods
performed no translational movement, their orientasitill changed. And the relative mean
intensity variation value of gold nanorod during pastage is close to that during moving stage.
It shows that the cargoes were still bound to theratubules during the pause stage of active
transport. The underlying mechanism may be thatréifitedirectional motor proteins work
together on the cargoes during the pause stagehamditgoes need to adjust their orientation

responding to the net force change.
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Introduction

Axonal transport is a significant intracellular pess taking place inside the cytoplasm of
the long and slender axon which bridges its distatposts to neuron’s cell body. The
importance of axonal transport is well-known tolbipsts.. For instances: proteins
manufactured by ribosomes that mainly locate inselebody need to be transported
anterogradely and distributed along the axon; wdtil@ocytic vesicles are moved retrogradely
from axon terminals towards cell body for degradatio reusing. The dysfunction of axonal
transport can cause serious diseases such as A&feilisease which is related to the
abnormal depolymerization of the microtubules insigens.

The axonal transport can be classified into slowfastlaxonal transport that differs in
average speed based on the properties of cargoésafaport components include
membranous organelles like mitochondria, endocyt@sicles; whereas slow transport
components are categorized into slow transport coemian(such as cytoskeletal polymers)
and b (such as cytosolic protein comple%ésThe average speed difference between slow and
fast transport results from the diverse proportibtinee cargoes spend in moving: slow
transport components move in a more intermittent &ficelotional pattern and spend more time
in the pause stage; while for fast transport, taquency and time of pausing is much smaller
which makes the total average speed apparently fatgesr example, although both
neurofilaments and microtubules can be transpottéabsarates when moving, the average
speed of movement is slow because the movemenitsfi@guent and bidirection&i*®

The underlying mechanism by which the fast and slawnsports are regulated spurred
researchers in neurobiology for decades. Until th&049it was discovered that axonal transport
was active transport based on the originally desigexperiments by using pulse injections of
radio-labeled amino acids into the neurons of éimenals ** *> In those experiments, transport
was characterized by the movement of peaks of fabieled proteins instead of exponentially
decay curve caused by simply diffusing throughaken. Later since the discovery and
identification of two major molecular motor protsirkinesin® and dyneii’™®, the underlying
mechanism of axonal transport has become more and mee#ad® ** Results obtained with

new techniques such as speckle microscopy or tragkintp-bleached zoH&™ **helped to the
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falsify the initial axonal transport hypothesis teapported either the movement of axonal
cytoskeletal framework® or coherent axoplasmic streanfing® New mechanisms such as

#. 26 and “cut-and-rurt” **have been raised to postulate the slow axonal transport

“stop-and-go
of cytoskeletal polymers. More and more effortsenaevoted to fully solve the question: what
determines a particular intracellular cargo to mavpamse? Now it is widely agreed that the
movement of cargoes in both slow and fast trangertiriven by kinesin and dynein along
microtubule&” 2 The pause during active transport may result fieenvarying affinities
between cargoes and motor protéifis®Compared to fast transport components, the affinities
between slow transport components and motor proteaasmaller. Thus the low efficient
coupling of slow transport components to the microtaltrack provides more chances for
cargoes to unbind from the axonal microtubules. Algiofast transport components also detach
from the microtubules, the frequency is much smaliet the average speed is larger.

As reported in our previous work, the unique whitegk intensity pattern in DIC images
of gold nanorods helps distinguish nanorods fronemifitracellular organelles with similar
shape and size easily. Moreover, the intensity chasngjeectly related to the orientation of gold
nanorods. By using gold nanorod as rotational proee, perspectives can be extracted to
complement the information obtained by measuring the lateral displaceméfit® In this
work, the axonal transport of internalized gold nmads through endocytosis was studied by
using the new technique-SPORT. The white/black intiessof gold nanorods during free
diffusing and active transport including both maystage and pause stage were analyzed and

the underlying rotational information was extracted.

Experimental
Preparation of transferrin surface-modified gold nanorodsfor cell experiments. Cetyl
trimethylammonium bromide (CTAB)-capped (25x73 nm8x1.0" particles/mL, Nanopartz)
gold nanorods were uselNHS-PEG disulfide linker (Sigma-Aldrich) was usedfojowing a
published protocdt. The NHS-PEG disulfide linker has both disulfide andcinimidy!
functionalities for respective chemisorption ontdcyand facile covalent coupling of TAT

peptide. Briefly, excessive surfactant was first reeabfrom 1.0 mL gold nanorod solution by
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centrifugation at 3000 g for 10 minutes and the pagiwere resuspended in 1.0 mL 2 mM
borate buffer. A proper amount of fresh NHS-PEGilfiide solution (in dimethyl sulfoxide) was
added to reach a final thiol concentration of OM and reacted with gold nanorods for 2 hours.
The solution was then cleaned up by centrifugatimhrasuspended in 2 mM borate buffer. 2.0
pg transferrin was added to the gold colloidal sotuind reacted for 8 hours. The gold
nanorods were then blocked by adding 100 mL 10% 88#étion (2 mM borate buffer) for over
8 hours. Before use, the colloidal gold nanorod esoliere cleaned up by centrifugation and
resuspended in 50 1% BSA (2 mM borate buffer). The concentrated goltbatal solution
was diluted in cell culture medium to a final cortcation of 4.3x18 particles/mL for

incubation with cells.

Cell culture. Hippocampal cultures were obtained from brains of gotic day 18 (E18)
to E19 C57BI/6 mice following standard protocolseTdissociated cells were plated on
poly-L-lysine-coated coverslip and maintained iruNdbasal/B27 media (Invitrogen, Carlsbad,
CA) supplemented with 0.5 mM glutamine. Proper amati transferrin modified gold
nanorods were diluted in cell culture media and wecahbated with cells together in the
incubator (371, 5% CQ) for 4 hours. Then the coverslip was taken out fronirtbebator and
made into a chamber by using double sided tape andragibess slide. When it needed to
destruct the microtubule network inside axons, this getre following incubated in cell culture
media containing 200pg/ml colchicine for 1 houthia incubator (37, 5% CQ) after
incubated with gold nanorods. The cells were findith 4% Paraldehyde in PBS solution and
stained with T antibody--mouse anti-alpha tubulin arfld @ntibody--Alexa 488 goat anti-mouse
when required.

Microscopy and live cell imaging. An upright Nikon Eclipse 80i microscope equipped
with a heating stage@as used in this studyhe temperature of the heating stage was set'at 37
This microscope can be switched between DIC mode arftlepescence modé&.he samples
were illuminated through an oil immersion condenserrerical aperture 1.40) and the optical
signals were collected with a 100xPlan Apo/1.40roihersion objective. One bandpass filter
(Semrock, Rochester, NY) with central wavelengthsd@ nm and &ull width at half maximum

(FWHM) of 13 nm was inserted into the light pattifie microscope. An #dor iXorf+ camera
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(512x512 imaging array, 26.6-um pixel size) was used to record the dynamic in vivo pairts
at 32 frames per secondATLAB and NIH ImageJ were used to analyze the collected image

and videos.

Results and Discussion

The surface of gold nanorods was modified with trarisféo facilitate the nanorods’
internalization into neuron cells through clathmiediated endocytosis After entry into cells,
the nanorods are enveloped by vesicles that makedbgrussible membranous cargoes that
move at fast axonal transport mode. Movies recortlisgunidirectional axonal transport of
such gold nanorods were taken. The average activepoerspeed was 1.2um/s, which is in the
reported transport speed rahda addition, the infrequent and short pause phenomemnsn
also observed. In two such events, the gold nasgradsed for around 0.96s and 0.88s
respectively at the same location inside axon ledfeing transported again.

Through Matlab software and home-written prograra vitite/black intensity pattern and
the absolute lateral displacement of the gold nat®durring transport process were extracted.
Figure 1A shows the intensity pattern and displaceémieane gold nanorod that underwent
active transport. During the moving stage, the whielintensity of the nanorod did not keep
completely the same, but varied within a small raalgthe time and changed greatly at certain
locations. During the pause stage, the nanorod ipeefth no translational motion, but the
white/black intensity also changed. Besides unitisaal movement, bi-directional axonal
transport was also captured. Figure 1B shows oneebitbnal transport event. In this event, the
nanorod first moved towards the terminal of axon3jom, paused for around 1.5s and then
reversed the moving direction towards cell body.

Different from the gold nanorods describes above esoamorods performed free diffusion
inside the axon. It can be judged from the moviagettory: free diffusing gold nanorod moved
in random directions and the absolute displacemestmch smaller (figure 2A). In addition,
the intensity of these free diffusing nanorods flatéd more obviously than that of those
actively transported nanorods. To further comparecanéirm the difference between actively

transported and free diffusing nanorods, the necetls were treated with colchicine which can
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destroy the intracellular microtubule netwSrkVhen the intracellular microtubule network is
destroyed, the cargoes can’t be bound to the miouéds by motor proteins and will rotate with
higher freedom inside axon. The drug effect was cowfit by carrying out immuno-labeling
and fluorescence imaging (figure 3): the intactrotigbule network was distributed inside
normal neuron cells; while inside cells pretreatétth wolchicine, no intact single microtubule
was observed. Figure 2B shows the white/black iitten one nanorod moving inside the axon
treated with colchicine.

To better understand how the motor proteins restaigoes’ free diffusing and rotating,
the intensity patterns were analyzed in a semi-gagime way. Following the method of using
mean lateral displacement to calculate diffusiorffiment®” *° the freedom of cargo’s rotation
was quantified by using the relative mean intensityation (RMIV). The larger the RMIV is,
the higher the rotation freedom will be. First, thean intensity variation was estimated by
Gaussian fitting the histograms of the intensityat@on of nanorod between two successive
frames in a movie recording the movement. Since\theage intensity for each nanorod during
different time domains was a little different, theam intensity variation was further divided by
the average intensity in the same time domain. As/slhio figure 4, the histogram of intensity
variation of nanorods during transport stage, patagesand free diffusing were listed. And the
corresponding RMIV values were listed in table 1.

From table 1, it is known that the RMIV values durihg active transport including
moving stage and pause stage are within 10%. Thedity change during active transport may
result from the steric hindrance placed on the rah&mom the crowding cytoskeleton network
inside the slender axon. Such impeditive force duiagsport process forces the gold nanorod
to adjust its orientation when being dragged by mptoteins along the microtubule track. It is
also known from table 1 that the RMIV values of frif@uding nanorods are ~30% which is
much larger than the RMIV values of active transgodemonstrates that the cargo’s rotation
freedom was greatly reduced when being actively pramed. The reduction in rotation results
from the restriction placed by motor proteins.

It is also noticed that the RMIV values for both paaisd moving stages in the same active

transport process are close to each other. Thestates that the rotation freedom of pause stage
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and moving stage is at the same level--the cargoesadirotate more during the pause stage
than during moving stage. The observation is cont@tlie aforementioned hypothesis--the
pause comes from the detachment of cargoes from mpzriet resulting from the low affinity
between cargoes and motor prot&fig® It is because the decoupling of cargoes from motor
proteins can cause the detachment of cargoes fromtoiieiles and allow the free rotation of
cargoes. But this expected phenomenon did not hagyémg the pause stage in the
experiments.

The experimental observation points out that ihast possible that the gold nanorods were
still bound to the microtubules by motor proteinsidg the pause stage. It may be supported by
the idea that different directional motor proteinarkvtogether on the cargd&8® When the
driving forces in opposite directions are balancled,motion of cargo will be ceased; when the
balance is broken, the cargo will be transportednagjfiier in the original direction or opposite
direction depending on the new net force directfiufe 5). The reach and break of force
balance result the decelerating and acceleratingepsoof cargo. As shown in figure 1A and 1B,
the intensity patterns of both nanorods shared omenum feature: the white/black intensity of
nanorods changed relatively greater at the earlyaagart of the pause stage than during the
middle part of pause stage. The greater intensitggdhaould be the characteristic of the
accelerating and decelerating process during whietmeét force is at the maximum.

When the nanorod was “locked” by motor proteinsmyithe pause stage, it performed no
translational movement. However, the nanorod wasamiplete “quiet”. The intensity pattern
is similar to that when the nanorod was dragged aloagnicrotubule track by a non-zero net
force during the moving stage. It means that diffedingctional motor proteins fight with each
other to pull the nanorod away during the pauseestdgcause of the restriction from motor

proteins, the gold nanorod didn't rotate freely wiitestayed at the same location.

Conclusion
In this work, the translational and rotational mas of gold nanorods in axon were studied
by DIC microscopy. The white/black intensity patteai actively transported and free diffusing

nanorods were different. During the active transpastess, the rotation freedom of nanorods
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was greatly reduced compared to that of free diffysianorods because of the restriction from
motor proteins which bound cargoes to microtubulesddition, by comparing the relative
mean intensity variation (RMIV) for both moving apduse stages, it is known that the
nanorods were still bound to the microtubules dutivegpause stage. The move or pause of

cargoes is mainly determined by the net force placetienargo by different directional motor

proteins.
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Figure captions
Figure 7.1 The white/black intensity profile and the absoluteralt displacement of gold
nanorods moving through active axonal transporiui@o A is for a gold nanorod doing
unidirectional movement. Top graph shows the winiterisity pattern along with time; the value
in Y axis is the quotient—the highest intensityueln the white part of nanorod’s DIC image
divided by the background intensity value of the Ii@age. Middle graph shows the black
intensity pattern along with time. Bottom graphwhdhe absolute lateral displacement of the
nanorod along with time; unit for Y axis is um. Uaf X axis for all the graphs is second.

Column b is for the gold nanorod doing bidirectiomalvement.

Figure 7.2 The white/black intensity profile and the absolatetal displacement of gold
nanorods moving through free diffusion. Column Adisa gold nanorod in native neuron cell.
Column b is for a gold nanorod in neuron cell treatét chochicine. The units of X axis and Y

axis are the same as that in figure 1.

Figure 7.3. The microtubule inside native neuron eeild. Left: native neuron cells, no

colchicine treatment. Right: colchicines treated newells.

Figure 7.4. The histograms of the distribution @am intensity variation. Column A is for the
actively transported gold nanorod doing unidireclonovement. Top graph is the distribution
during the moving stage; bottom graph is the distiim during the pause stage. Column B is
for the nanorod doing bidirectional movement. Togplp is the distribution during the moving
stage; bottom graph is the distribution duringpghese stage. Top graph in column C is the
distribution for nanorod free diffusing in nativelgceottom graph in column c is the distribution
for nanorod free diffusing in colchicine treated c&he X axis is value range of the intensity
variation times 1000. The Y axis is the probabitifculated by dividing the counts in each

intensity variation range by the total number oéiity variation.

Figure 7.5. The mechanism how move or pause of cardetermined during active transport.
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Table 7.1The relative mean intensity variation (RMIV) of fdifent gold nanorods in differe

moving modes.

) Moving stage 5.1%
: Pause stage 5.5%
2 Bidirectional active ;:;:v
3 Free diffusing 32%
4 Free diffusing 30%
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Figures
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Figure 7.3
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Figure 7.5
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CHAPTER 8. AUTO-CALIBRATED SCANNING-ANGLE PRISM-TYPE
TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY FOR
NANOMETER-PRECISION AXIAL POSITION DETERMINATION

Wei Sun, Kyle Marchuk, Gufeng Wang, and Ning Fang

Published in Analytical Chemistry

Abstract

An automatic angle scanning prism type total intereiection fluorescence microscopy
(TIRFM) is realized. The angle of incident laser tighn be changed automatically and reliably
from subcritical angle to nearly 90° with intervataller than 0.2°; and the laser illumination
spot in the sample can be automatically calibratexéslap with the center of the microscope
field of view. By adjusting the penetration deptheginescent field through changing incident
angle, the fluorescence intensity decay functioB8sm diameter fluorescent nanospheres
randomly distributed in agarose gel was obtainedoddh correlating the experimental decay
function with theoretical decay curve, the verticasiions of nanospheres were extracted and
resolved. Then best axial resolution obtained wagbtan 10nm. And through the automatic
scanning, the SPR angle for gold film enhanced TIR¥d found precisely and reproducibly.

The setup was further applied to study the tiltedeafag microtubules buried in agarose gel.

*Reprint with permission from Analytical Chemist?10, 82(6), 2441-2447.

Copyright © American Chemical Society
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Introduction

Total internal reflection fluorescence microscopy (MR has become an indispensable
tool to study cellular organization and dynamic preesghat occur near the cell culture and
glass substrate interfdcét has also been used extensively to study moledylamics,
including diffusiorf* and absorptict?, at liquid/solid interfaces. All of these applicatiaaty
on TIRFM'’s ability to selectively excite fluorophes very close to the interface while
minimizing background fluorescence from out-of-foplenes. An evanescent field (EF) is
produced when an incident light beam travelling fa)amedium of high refractive inder,j

into a medium of low refractive inderyj at an incident angled( greater than the critical angle
(&), which is defined as, =sin"*(n,/n,) . The EF intensitylj exponentially decays with the

vertical distanceZj from the interface, and drops to 1/e of the valubeainterface over the
penetration depttdy. Thed value is well defined for a given interface as itetegs theoretically
only on the incident angle and the wavelength ofrth&lent light ¢). However, the
characteristic EF depth in an actual sample may daefriatn theoretical values for several
reasons, including the polarization of the excitatight, the orientation of the dipoles, the
unevenness of light illumination, refractive indexsmatch, non-uniform fluorescence emission
near a dielectric surface, and optical interfereretevéen the direct and reflected emission
beams.

The calibration of the evanescent field in a homeges sample can be carried out with
quantum dots or fluorescent beads on the tip @favi arm’ or a graphite penéibr a patch
pipetté, fluorescent beads attached onto a convex lensttedsen a cell surfacé large
spherical beads (8.86n diameter) on a flat glass slfdlea known fluorophore distribution
between a convex lens and a flat prism sutface tilted microtubules in g€l With the
calibration data, axial distances can then be estimé@tadnuch improved accuracy in a
number of different means. The ratio of fluorescentansities from sequential acquisitions
with fixed-angle TIRFM and wide-field (WF) microsagf™ or from two-angle TIRFM can
give good estimates of axial distances, while mopthdeesolved information is obtainable with

prism or objective-based variable-angle (VA) TIRER>"*4n which a stack of multi-angle
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images contains the integrated fluorescence inteagéy various thicknesses of the sample.

The prism-type VA-TIRFM generally provides several dfga over its objective-based
counterpart, such as a wider range of incident anlgigiser accuracy in incident angle
determination, less excitation light scattering, krvger cost. In a typical prism-based
VA-TIRFM system, a set of rotatable mirrors and noistepper motors are used to direct the
center of the laser beam onto a specified spotsamgple at a wide range of incident angles.
The parameters are recorded and later used toreaptages at these calibrated incident angles.
Re-calibration is often necessary before a new saimpleaged. The performance of the system
largely depends on the accuracy, precision, and depioaility of the tedious, time-consuming
calibration procedure.

In the present work, we introduce a new auto-calibmaganning-angle (ACSA) TIRFM
setup. An optimized system layout and an automatie-pigcision calibration procedure were
implemented to find the incident angles in the fatige (from subcritical angles to nearly 90°)
with an interval of 0.2°. The entire auto-calibratjorocedure can be finished within minutes. At
each incident angle, the automatic calibratiorr¢etalibration) was designed to overlap the
center of laser illumination spot with the centerhaf imicroscope field of view. Once calibrated,
the system scans through the whole range of incategies reliably and reproducibly, and the
measured fluorescence intensities can follow thayl&emctions more closely with smaller
relative errors than any other existing VA-TIRFMsgym, resulting in better practical resolution
in the axial direction.

To demonstrate the precision of the system, we us&PATORFM to find the exact
incident angle that produced the most intense evanefield for a given interface between
gold-film-coated coverslip and water solution wtal@-polarized (in the plane of incidence
formed by the incident and reflected beams) incideser beam was used. To demonstrate the
high axial resolution in practice, we resolved fegcent nanospheres buried in agarose gel in
different vertical positions. And the setup wastiartapplied to image tilted fluorescent

microtubules in agarose gel.
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Experimental

Imaging system. Figure 1 shows the schematic representation of the dappanat was
designed and built in the present study. A Nikori@t-2 microscope equipped with a Plan
Fluor 100x/NA 1.3 objective and @mdor iXorf"+ 897 camera (Belfast, Northern Ireland:;
512<512 imaging array, 1pm x 16 um pixel size) were used as the center piece. In order to
reduce the sample drifting, the original microscstage was replaced by a Sutter MP-285
motorized high precision three-dimensional transteti stage (Novato, CA). An equilateral
fused silica prism (Melles Griot, Albuquerque, NM) wamsised in a home-made prism holder
that was fixed on the Sutter stage. A 40-mW 640sptid-state continuous wave (CW) laser
(Coherent, Santa Clara, CA) and a 45-mW 532-nnd-stéite CW laser (Uniphasgan Jose,
CA) were employed for excitation. Nearly identical agaments of the optics and stages were
set up on both sides of the prism to direct laser baamards the imaging area. On either side,
the laser beam was first pointed to a periscopegpthrough a Uniblitz mechanical shutter
(model LS2Z2, Vincent Associates, Rochester, IN) a focusing lens (15-cm focal length),
and then was directed towards the mirror of a galveater optical scanner (model 6220,
Cambridge Technology, Cambridge, MA). The focusimgslwas used to control the laser spot
size in the imaging area. The mirror of galvanomet#s woupled to a high precision motorized
linear stage (model MAA-PP, Newport, Irvine, CA)datirected the focused laser beam
through the equilateral prism to sample prism interfat different incident angles. Both the
angle and the vertical position of the mirrors wewatrolled simultaneously by a home-written
computer program.
Chemical and sample preparation

Resolving fluorescent nanospheresburied in agarose gel in different vertical positions.
1.5% agarose gel was prepared by dissolving 1.8gagose powder in 1ml 18.2¢MWpure
water containing oxygen scavenging system throwgttimg in water bath. The gel solution was
kept warm to avoid solidification. 28nm diameter fiescent nanospheres were diluted to
proper concentration in agarose gel solution. Thergel solution of nanospheres was put on
the surface of TIRF prism and was covered with a cbeaerslip quickly. When the gel

solution cooled to room temperature, it solidifiadd trapped the nanospheres in different
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vertical positions randomly in the three dimensiaretivork of gel.

Surface plasmon resonance (SPR) angle finding for gold metal film enhanced TIRF.
Coverslips of 22mmx22mm (Zinc Titania glass, refractidex 1.523 at sodium D line,
Corning, NY) were thoroughly cleaned in an ultrasdrath twice in Contrad 70 detergent
solution (Decon Labs, King of Prussia, PA), 4 tirme$8.2MQ pure water and twice in pure
ethanol. Each time for sonication was 30 minseAflown dried with pure nitrogen gas, the
coverslips were deposited with 5nm of chromiumdwid by 30nm of gold in an Airco
Temscal BJD1800 E-beam evaporator (Berkeley, CAjrdier to let the negative charged 28
nm diameter fluorescent nanospheres (Duke scierfiéito Alto, CA) be attached to gold
surface, the coverslips were immersed withudtl PLL solution for 2 hours first.
Nanospheres were diluted to proper concentratio®.2MQ water containing oxygen
scavenging system, which was composed of 0.5 mdlrobge oxidase (Sigma), 4@/ml
catalase (Sigma), 10% (w/v) glucose (Sigma) and\A% §-mercaptoethanol (Fluka). The
oxygen scavenging system was applied to reduce peatdting of fluorescent nanospheres.
Then the nanosphere solution was loaded on PLLfreddiold coated coverslip, and was
covered with a clean coverslip. The sample slidepua®n prism surface and ready for
imaging. When imaging with TIRF, 532nm longpastefi{Chroma, Rockingham, VT) was
applied to filter away the excitation light frometiemission fluorescence light.

Imaging tilted fluorescent microtubule buried in agarose gel. Rhodamine labeled
tubulin protein was obtained from Cytoskeleton (Den@&). And it was polymerized to form
microtubules according to the protocol providedhms company. The microtubules were diluted
to proper concentration in 1.5% agarose gel solutimtaining oxygen scavenging system.
Then the microtubule gel solution was put on théaserof prism and was covered with a clean

coverslip quickly.

Results and Discussion
Automatic angle scanning and vertical position calibrating
Fluorescent nanospheres were used to calibratedigeim angles. These nanospheres

were immobilized on the positively charged prisnfate modified with poly-L-lysine (PLL).
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The collected fluorescence intensity at a giverdiect angle also depends on the horizontal
position of the laser spot on the prism surfacdy @en the center of the laser spot overlaps
perfectly with the center of the objective lens, flnerescence intensity is at the highest level.
Furthermore, if the overlapping of two centers is @@iaatly achieved at every incident angle,
the angle scanning process can produce highly repitlddwand correlated depth information of
objects located in the EF.

The horizontal position of the laser spot was adpisirough changing the vertical
position of galvanometer’s mirror. Then the fluoersme intensity was used as the standard to
calibrate vertical position of galvanometer’s mirldhome-written computer program was used
to control the angle of galvanometer’s mirror asdvigrtical position simultaneously. After
inputting certain angle for galvanometer’s mirramputer first controlled the motorized linear
stage to scan the vertical position of galvanometeirsor step by step. After each step, the
fluorescence image was recorded by EMCCD and aedlyzuring the first round, the distance
between two successive steps was set relatively. [ahig step was called rough scan. After
rough scan, a rough vertical position for galvanometech gave relatively highest florescence
intensity was got. Then second scan called fine began. During fine tune scan, computer
controlled galvanometer’s mirror to move around thegh position again but with a smaller
step size. After fine tune, a more precise verticaitjpn for galvanometer’s mirror was
obtained. And more runs of fine tune can be repeatedjifired. After recording the vertical
position for the first angle, computer inputted daling angle values, and repeated rough scan
and fine tune until getting all the vertical positsofor the whole angle range used in the
experiment. All those data for angle and verticaltimswere recorded, and could be reloaded
when starting new experiments.

Determination of the z-position of a dye-doped nanospherein angle-scanning TIRFM

The exponential decay of ti& intensity isdescribed*
1(z)=1(0)e ?4® (1)

wherel is the intensity of the evanescent fietds axial distance from the TIR interfaai;)) is

the characterization penetration depth as a fumcidhe incident anglel of the illumination
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beam:

A

d(o) = :
47z\/(nl sin@)? —n3

(2)

where is the wavelength of the incident light,andn, are the refractive indices of the
optically more condensed and less condensed media-getarized incident light (the
polarization direction perpendicular to the planénofdence), th&F intensity at the interface

(z=0)is:

4cos® 0
1-nZ/n?’

1©) = 1 3)

wherel;, is the intensity of the incident light. When a dyspdd nanosphere is placed in Eie

the total emitted fluorescence is:

40082 0 J.ZZW(Z)e_Z/d(g)dZ,

F () = ke[ w(2) @ Vdz = keat, 125 7
z1 in 1- n22/n12 z1

(4)
wherek is a constant instrumentation facters the molar extinction coefficient of the
fluorophore;g is the quantum efficiencyy(2) is the number of the dye molecules in thedz
layer. When the size of the nanosphere is small eosapto the penetration depth and the dye
molecules are homogeneously doped, the geometridarasrthe nanosphere nearly overlaps

with the center of fluorescen&@he integral term in Equation 4 can be simplified:

F(6) = kegl, %O—ZSZQZC(Z)Veled(H) —BcoL e 24O 5)
1-ng/nf

whereV is the volume of the nanosphet€) is the concentration of the dye molecules in the
sphereB is a constant to account for all the variables thatain unchanged in Equation 4.
Thus, the absoluteposition of a nanosphere can be determined throughimear least squares
(NLLS) fitting by measuring the fluorescence intepsit several different incidence angles of
the illumination light.
Precision of the z-determination

Figure 2A shows the fluorescence intensity profila @ nm, dye-doped polystyrene

nanosphere on the quartz prism/water interface diftent incident angles between 67.2°
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(critical angle) and 82.6°. Each data point wasatrerage of 5 measurements and the signal was
the integrated fluorescence from whole particle mdbing the non-fluorescence background.
The center position of the nanosphere in the akiattion is determined to be 15 £+ 2.8 nm by
NLLS fittings using Equation 5, consistent with teometrical center (14 nm or half of the
diameter).

It is important to note that there can be signifiaamtertainties in the-values determined
through NLLS fittings. Estimation of the uncertagstiof the derived values in NLLS fittings is
often-ignored in the literature, yielding resulfdittle statistical importance. Some literature
report uncertainties based on asymptotic standangsgASES) assumption, which usually
underestimates the actual uncertainties in the reedwalues.

Here, we examined the uncertainty of the fittaglue by support plane analySisver the
v’-surfacey? is defined as

2 L 1 2
2" =2 5 Fo = Fireol " (6)
1 Onm
where the summation is overnumber of data pointsy, is the standard deviation obtained
from 5 measurements at each incident arfglgandFueo are the experimental and theoretical
fluorescence intensities, respectively. The detaitededure to obtain the standard deviation of
the axial position is to varyclose to its fitting value wheng reaches the global minimum -
v¥(min). At each fixedz-value, the minimumy?, y*(par), is re-sought by floating the other
parameter(s) (e.gB in Equation 5). The uncertainty ptan then be estimated frdfstatistic
appropriate fop parameters anddegrees of freedom:
Flz—lz(p"?‘r)=1+¥|:(p,v, P), (7)
2~ (min) p
whereP is the probability that the value Bf is due to random errors in the data. WRes
smaller than 0.32, there is a 68% probability thatztvalue yielding a correspondirfg is
consistent with the experimental data, which isusal definition of one standard deviation.

For our measurements, with 2 parametergj and 60 degrees of freedom) ith a

probability (P) of 0.32 is1.039. When(par) is 1.039 times of’(min), the two correspondirgy

values are 12.3 and 17.8 nm, respectively (Figure2@&t). Thus, the corresponding standard
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deviation for determinedis 2.8 nm, which results in an axial resolution df 8mn. This
precision in determining the axial resolution id@othe best in the literature that were derived
through a strict statistical analysis.

There are two main features of our setup that alletoueach this high precision. The first
is that our setup automatically calibrates the lapet position when the incidence angle is
changed during scanning, ensuring the laser alwaysiilates center of the field of view under
a microscope. We are able to scan as many anglessaslpagth this auto-calibrated system,
which is unimaginable when the angles need to beldtmaually. The second is that in the
prism-type TIRFM, we can scan a wide range of angipecially for large angles toward 90°.
These large angles are important in determiningtpesitions and are usually unattainable in
objective-type of TIRF microscopy.

To demonstrate the advantages of our setup, we showxamples of how these two
features contribute to the precision of gadetermination. The first example simulates a
manually scanning experiment that has 6 data pdthdsse note that it is not trivial to manually
measure fluorescence intensities at only 6 incidemgles and usually it takes hours for an
experienced worker to finish. The 6 data pointsenabitrarily chosen from the earlier data set
and spanned the whole range of angels. Figure 2Bsstiee NLLS fittings from these data
points. The determined tlzevalues are 11 + 9.9 nm. The standard deviation wagedkri
similarly throughF-statistic analysis, with B, value of 1.456 for 2 parameters and 6 degrees of
freedoms. Note that the center of the nanosphensadidhange much but the uncertainty of the
z-value increased significantly, by a factor of @fgure 2B). This is because the fitting results
are more susceptible to noises when the number afodétts is limited. Apparently, it is more
advantageous to scan more angles in order to achette bxial resolution.

The second example shows that our method is more @&gdyaus than the objective-type
TIRF microscopy. The objective-type TIRFM can beoaudted in calibration and scanning as
well and there are already commercial instrumerafiaMe on the market. However, one
practical drawback of objective-type TIRFM is thag incident angle of the illumination beam
is limited to a very small range. The large incidentgles (approaching 90°) cannot be reached

due to geometric constraints by objective. Heresh@v that the fluorescence intensities at
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these large angles are important in determiningtpesitions in NLLS fittings. The data points
used in the NLLS fittings were chosen from the sameréiscence intensity profile but with a
limited range from the critical angle (67.2°) t®,7&2 maximum angle that can be practically
reached with objective-type TIRF¥ The NLLS fittings are shown in Figure 2C and the
z-values are 9.3 + 3.1 nm. The center of the nanespiteanged much due to the sampling bias
but the uncertainty of the z-value did not incresigaificantly, only by a factor of 1.1. (Figure
2C inset).

To exam the limit of the z-determination precisiathvangle-scanning TIRF microscopy,
we further studied the theoretical standard devidtiomugh Monte Carlo simulations. The
resolution is highly dependent on the measurementsenfdahe fluorescence intensity at each
incident angle. In our experiments, the exposure tifr@ach image was set at 20 ms, resulting
in a total collection time of 5 repeated measuremah60 angles to be within 6 seconds. The
standard deviation of the intensity measurementdaswely constant (150 counts/frame/s),
indicating the overall noise at this acquisitioeag is dominated by the readout noise of the
EMCCD camera. In the Monte Carlo simulation, whelatnoise at this level is added to the
theoretical fluorescence intensity, the correspandtandard deviation for the determined
z-value is 2.0 nm, resulting in an axial resoluidi®.0 nm (Figure 2D). The theoretical
resolution is slightly better than our experimentdle, which can be ascribed to the stability of
the EMCCD camera, the motorized stage, or othemimgnt factors. (I think this paragraph is
not necessary.)

In the literaturd the axial position of a fluorescent object can hls@alculated from:

F(z)
F(z)

whereF(z;) andF(z,) are the fluorescence intensities of a fluorescergoblajt positiong; and

Az=2,-7 =In (8)

2, respectively. This method is usually used to dyinaly track the z-positions of a particle.
The best resolution of this method was reportdakt8 nrfl. However, it should be noted that
this method only reports the relative positionafiénce in the axial direction/¢). In order to
know the absolute position of the sample at a tintlee absolute value af at the beginning

time t; must be known to serve as the reference. Howevegritasion is usually difficult to
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meet in dynamic tracking experiments.
Resolving z-position of fluorescent nanospheres embedded in agarose gel

To demonstrate that we are able to resolve the absstlistance of fluorescent objects
with angle scanning TIRFM, we buried fluorescent rismheres in agarose gel and determine
their z—distances from the TIR interface. The incidergle of illumination beams was varied to
adjust the penetration depth of the evanescent fithalying the fluorescent particles to show
up layer by layer. Figure 3A shows 5 such partitthes showed up sequentially as we scanned
the incident angle from 90° toward the critical anfjles obvious that the relative positions of
the 3 particles labeled as 1, 2 and 3 have a relaipo$z(1) < z(2) < z(3). Their absolute
Z-positions can be determined with NLLS fittingsnasntion in the earlier section. Figure 3B
shows the NLLS fitting results of the 3 particle$ieh show apparently different fluorescence
intensity profiles as a function of the incident lsg The determined axial positions are 18.5
4.5, 26.9 +5.1 and 105.8 + 8.3 nm, respectivelgyfé 3CDE). The standard deviation
increases slightly as the axial position increaEbis may be a result of decreased total
fluorescence intensity as the particles are furdiaexy from the total internal reflection
interface.
SPR anglefinding for gold metal film enhanced TIRFM

TIRFM is a very good imaging tool which providegnisignal to noise ratio. To further
improve the fluorescence signal, people used surfasenpn resonance enhanced TIRFM
through introducing a thin metal film in the totatérnal reflection interface such as silver,
aluminum or gold. The incident angle of excitatiasdr beam plays a very important role in
obtaining metal film enhanced TIRFM. The angle atohlluorescence can be enhanced most
is usually called SPR angle. If the incident anglawsy from SPR angle, fluorescence signal
can be enhanced very little, or even reduced muclpaed to signal from TIRFM without
metal film. In this work, gold film enhanced TIRFM svatudied. Normally, SPR angle was
found by changing the incident angle degrees by dsgr&nually, which was time consuming
and labor intensive. In our work, SPR angle was faundkly through automatic scanning and
calibration with time less than 2mins. Meanwhile #mgle increment was 0.18°, which was

much smaller than that done by other researdiétsand then the SPR angle obtained in our
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work was more precise.

As shown in fig 4, the angle range scanned was fi@3°@o 70.2° with 55 intervals, and
the SPR angle found was 66.5°. The refractive indexwerslip was 1.523, and the refractive
index of buffer used in experiment was measurecektb.846. From calculation, the theoretical
critical angle was 62.1°, which is 4.9° smaller tttan SPR angle, which was consistent with
other researchers’ observatibrthe SPR angle was larger than the critical angle. Fnem
experimental images, it was also found that actial internal reflection occurred at 60.4° not
at 61.6°. When incident angle was smaller than 6€h4°532nm excitation laser leaked into the
background of images. It happened only because indigabtvas not 100% totally reflected,
which means refraction also existed at that andie.difference between actual critical angle
value and theoretical value can be explained. Shreedfractive index of coverslip was
measured at wavelength around 590nm, while the Veseelength used for in this experiment
was 532nm, the refractive index of coverslip is n@totly 1.523, but is some value larger than
1.523. As a result, the actual critical angle is senallan previously calculated theoretical value
61.6°. And through calculation, the refractive indéxaverslip used in this work is 1.548 at
532nm.

The fluorescence intensity at SPR angle was arouriitimes as that at critical angle
without gold film. According to reported resifjt20nm gold film can enhance fluorescence 1.57
times, which is larger than 1.16 times. Considerirag 80nm gold film used in our experiment
was 50% thicker and gold does not transmit light vitels reasonable that more energy of
excitation laser was absorbed and reflected whentiasdito pass through the gold film used in
our work. Then the emission fluorescence intensitiectédd would be lower. As a result, the
fluorescence intensity enhancement was reduced fromtd 1.16.

Imaging tilted fluorescent microtubules buried in agar ose gel

To further demonstrate the penetration depth chahtescsetup, tilted microtubules
buried in agarose gel was studied. As shown iBBgwhen using epi-fluorecence microscopy,
the whole microtubules were illuminated. While usitfgg TIRFM, the microtubules were not
illuminated at the same time, but coming out sechip section (fig 5B). The image result

demonstrates that the particular microtubule didiedhorizontally flat in gel, but with a tilted
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angle. And the depth difference of different partsrie single microtubule was resolved by
VA-TIRFM.

3 points in the same microtubule which were equainén spaced in horizontal direction
were chosen to analyze their axial positions. Tyhditting their fluorescence intensity decay
curve (fig 5C), their vertical positions were extegtas: 75.1 nm, 125.9 nm, and 176.3 nm. The

angle of the tilted microtubule was calculated t@1&8.

Conclusion

An automatic angle scanning total internal reflectiwnroscope was built which can scan
angle with increment less than 0.2°. The instrumantgive axial resolution better than 10 nm.
By using the instrument, SPR angle of gold filmamed TIRFM was found quickly and
precisely. And the angle of tilted microtubule iraease gel was extracted.

When TIRF is used to study cell systems, basal manebat the sites where cells are
attached to the substrate was imaged most ofrties thile the apical membrane was rarely
studied®. There are two main reasons which make it diffitmidjust the incident angle to let
TIRF occur in the apical interface: the differencenetn the refractive indices of the cytoplasm
and the culture medium is too slight, and the apical lonane is not flat. The problem can be
overcome since our instrument can change the antiginy increment. Additionally, when the
incident angle is changed within the subcriticallamgnge, the instrument can be further

applied to do variable-angle epi-fluorescefice
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Figure Captions
Figure 8.1 Schematic experimental setup for two color autonaigle scanning prism type
total internal reflection fluorescence microscopyRFM). M, mirror; S, mechanical shutter; FL,

focusing lens.

Figure 8.2Non-linear least squares (NLLS) fittings for theéadyposition of fluorescent
nanospheres according to their fluorescence intepsifile as a function of the incidence
angles of the illumination beam. The fluorescent pladiare 28 nm polystyrene particles doped
with dye molecules. The fluorescence intensitiestaeaverage of 5 measurements at 60
different incident angles ranging from 67.2° (thitical angle) to 82.6° degrees. The solid dots
are experimental data and the red curve is the Nitti§g according to Equation 6. The insets
are the v %surface to show one times of the standard deviatidimedfittings. The dashed line is
the threshold at which there is a 68% probabiligt the correspondingvalue is consistent

with the experimental data. (A) The fitting fronettvhole data set consisting of 60 angles
ranging from 67.2° (the critical angle) to 82.6° dess. (B) The fitting from a subset containing
6 data points to simulate a manual scanning expatirt@) The fitting from a subset that spans
from 67.2° (the critical angle) to 72° to simulatecdnjective-type TIRFM experiment. (D) The

fitting from Monte Carlo simulation.

Figure 8.3. Fluorescent nanospheres imbedded insggsd. (A) Five nanospheres illuminated
at the incident angles of 80.5° (a), 75.9° (b)971c) and the critical angle 67.4° (d). Image (e)
was taken when the incident angle (64.4°) was snihiléa critical angle. Particles 1, 2 and 3
became detectable one by one when they were illuednatthe evanescent field with incident
angle is varied toward the critical angle. (B) Thfescence intensity profiles of particles 1, 2
and 3 as a function of the incident angle. Eachewas normalized to the intensity at the
critical angle. (C), (D) and (E) are the NLLS fiiis according to Equation 6. The insets show
the one time of the standard deviation of the Niffitt#igs. The vertical positions of particles 1,

2 and 3 are 18.5+ 4.5, 26.9 + 5.1 and 105.8 ;i 3respectively.
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Figure 8.4SPR angle for gold film enhanced TIRFM. The curvthwi peak is from gold film
enhanced TIRFM; the angle for the peak is 66.59diahis curve, P-polarized laser was used
as the excitation light. The curve without an obsipeak is from TIRFM without gold film. To
get this curve, S-polarized light was used as tle@agion light. The cartoon inserted shows the

schematic setup for the experiment.

Figure 8.5. Tilted fluorescent microtubules in agagesdlluminated when changing incident
angle of excitation laser. The cartoon inserted (v the schematic position of the tilted
microtubule in agarose gel. The microtubule markét w(B) was chosen to calculate tilting
angle. The fluorescence decay curves (C) of 3 peihich are 635 nm spaced in horizontal
direction along the microtubule are fitted accordimgquation 6. The vertical distance
differences between the 3 points are 50.8 and 50.4The angle of the tilted microtubule is

f=arctan(50.6/635)=4.6°.
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Figures

Figure 8.1

1

bjectivg

-V

u
m

Il 74
I

M: mirror S: shutter FL: focusing lens

www.manaraa.com




Figure 8.2
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Figure 8.3
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Figure 8.4
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Figure 8.5
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CHAPTER 9. WHOLE CELL SCAN USING AUTOMATIC VARIABLE-ANGLE
AND VARIABLE-ILLUMINATION-DEPTH PSEUDO TOTAL INTERNAL
REFLECTION FLUORESCENCE M|ICROSCOPY

Wei Sun, Aoshuang Xu, Kyle Marchuk, Gufeng Wang, Bimty Fang

Accepted by Journal of the Association for Laboratonyofnation, 2010

Abstract

An automatic calibration and angle-scanning prispetiotal internal reflection
fluorescence microscope (TIRFM) was modified to fiorcboth as TIRFM and pseudo TIRFM.
When the incident angle of the excitation laser baa® controlled to be larger than the critical
angle, the instrument served as variable-angle TIRHM.homemade computer program
automatically calibrated the laser illumination sppothe sample to overlap with the center of
the microscope’s field of view. Then by measuring fllmorescence intensities at different
incident angles, thepositions of those fluorescent nanospheres closetodhbasolateral
membrane were extracted. When the incident angleedased to be in the subcritical range,
the instrument worked as a pseudo TIRFM. And thelevbell body from bottom to top was
scanned. Furthermore, the illumination field deptthinpseudo TIRFM can be controlled

through changing the incident angle or the horiagmtaition of the laser spot.
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Introduction

A large number of biological events take place insidiging cell at any moment to keep
the cell functioning properly. To have a better ustinding of these biological phenomena,
researchers have taken great efforts in developimgiety of imaging tools, such as
epi-fluorescence, confocal fluorescence and totafmat reflection fluorescence (TIRFM)
microscopies;’ for specific fluorescent labeling of proteins intbéiked and live cell$.

Because of the native thin evanescent field, tlodraund noise in TIRFM is much lower than
that in epi-fluorescence microscapyAdditionally, unlike confocal fluorescence microscopy,
TIRFM has better-resolution and does not require a pinhole in the bazk folane of the
objective to block the light leaking from out-ofefies planes. TIRFM has become an
indispensable tool to study cellular organizatiod dynamic processes that occur near the
interface of cell culture and glass substfate.

In our previous worK,an auto-calibration variable-angle prism-type TIRFM getas
introduced and demonstrated to have a better praptigalution in the axial direction than any
other existing variable-angle TIRFM system. An pptied system layout and an automatic
high-precision calibration procedure were implementefind the incident angles with intervals
smaller than 0.2° reliably and reproducibly withimotes. Furthermore, it becomes possible to
scan the widest range of incident angles from thizakiangle to large angles near 90°. A larger
number of data points can be collected for a bptestical resolution in the axial direction. The
large angles that are unattainable in objective-iB#-M are important in determining the
absolute z-positions.

Because the evanescent field is no more than adedrad nanometers thick, TIRFM is
mostly used to study dynamic processes that ocaurthe basolateral membrane of
mammalian cells. However, these dynamic processes continue beyond the evanescent field.
For example, using TIRFM alone is impossible torsrsthe question about how vesicles
formed during endocytosis move away from the membi@mards cell nuclear or other
organelles. Another example of TIRFM'’s limitationimaging depth is its inability in studies of
plant cell$® It is difficult for the evanescent wave to penetrateplant cell wall, because the

thickness of the cell wall is usually several hundradometers or more, and plant cells often do
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not lie flat on the substrate. To help solve thesertieal problems, variable angle
epi-fluorescence or pseudo TIREMas designed to work at subcritical angles that arélesma
than yet still close to the critical angle. At a etitical incident angle, the excitation laser beam
is refracted to produce a slanted illumination phtis. possible to extend the illumination depth
several micrometers into the cell body.

In the present study, we demonstrate a new microsggpens that combines the
variable-angle TIRFM and variable-illumination-depgeudo TIRFM to image the whole cell
from the basolateral membrane to the apical membrdeeilllimination depth of the slanted
refracted light just below the objective lens wasutegd by varying the horizontal position of
the laser spot at the interface of cell culture glads substrate, or by adjusting the incident

angle.

Experimental
I nstrumentation

The apparatus used was similar to that descritedaqursly! except for one modification: a
piezo-actuated z-scanner (P-721, Physik Instrum&eemany) was coupled to the microscope
objective (figure 2A). The scanner offers the apild change the vertical position of objective’s
front focal plane with very high precision. Additially, when observing the cell structures in
bright-field microscopy, the laser for TIRFM wasrtad off and the illumination light source of
the microscope was turned on.

The field of view of the microscope when using 100jective was around 130um. If the
illumination spot is too large than 130um, lessi@s®ergy can be used to excite the sample in
field of view; if the spot is too small, the las@oscan'’t fully cover the field of view, and the
Gaussian shaped energy distribution inside the sm®rcould lead to an annoying uneven
illumination in the field of view. It was found thethen the diameter of the illumination laser
spot was adjusted to be around 150um by contrdlliegelative distance between the focusing
lens and the prism (figure 2A), the best comprorbetgveen laser energy distribution and even
illumination in the field of view was obtained.

A computer program (Figure 1) was developed in-hooiseitomatically optimize the
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horizontal position of the laser spot at each incidewgte. After the user enters an incident
angle range, the homemade computer program carti¢senauto-calibration in two rounds:
rough scan and fine-tune. To maintain high precidioemotorized linear stage travels step by
step in only one direction. The fluorescence imageseamrded by the EMCCD camera at each
step. During the rough scan, the vertical step sigetifo be relatively large to reduce the time
required for a full scan, and the vertical positiaf the mirror of galvanometer at all incident
angles are obtained from each local maximum ofritegrated fluorescence intensities in a
chosen area.

Figure 2 shows the details of the scan process. Wigein¢ident angle is set at a large
value, the laser spot on the prism surface isdaitiht of microscope objective front lens center
(figure 2C-a). Then the program makes the linearcadrtage move up. The higher the stage
gets, the more to the left the laser spot on thrarpsurface moves. During the same time, the
program utilizes the EMCCD to record the fluorescenmeagge and calculate the intensity (figure
2B). The collected fluorescence intensity at a giveidient angle depends on the horizontal
position of the laser spot on the prism surface pitogram keeps moving the linear stage up
until the laser spot is to the left of the objeetfvont lens center (figure 2C-c) which results the
collected fluorescence intensity to decrease @@B). Then signal of the decreasing intensity
is sent to the program as feedback and the roughmoaess for this incident angle is
terminated. All the information about incident aglnd vertical positions is recorded. During
the round of fine-tune, the program controls thedinvertical stage to move around the
“roughly-calibrated” positions again but with a srealétep size to obtain more precise vertical
positions. Only when the center of the laser spetlaps perfectly with the center of the
objective lens, the fluorescence intensity is athighest level (figure 2D). Multiple rounds of
fine-tune can be carried out if desired. Then tlogam updates the information of the angles
and positions with the more precise values obtaired fines-tune. The angles and vertical
positions are recorded and can be reloaded wheimgtagw experiments.

The speed of the new TIRFM was tested by scanninmtigent angle from 82.6°to 67.2°
to record fluorescence intensity decay curve o$e¢hrmanospheres lying on the top surface of the

prism. The total number of angles scanned was 64&xbesure time for each angle was 50ms,
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and it took around 15s to complete the whole scaceso During the scan process, it took a
fraction of a second up to a few seconds for thealirvertical stage to travel to the right position
for the next incident angle. That accounts for theeek? seconds besides the sum of exposure
time for the whole scan process. It was noticedrbatessential photo-bleaching could happen
if the laser shined the sample during the perigdired to adjust the vertical position. This
problem is avoided by using the homemade progranidotaely open the shutter at desired
time when the EMCCD camera is required to collagtréscence signals. In the future, by
using higher motion speed linear vertical stage,ithe tequired to perform the whole angle

range scan process can be further reduced.

Sample preparation

Coverdips coated with metal films. Thoroughly cleaned coverslips (22mmx22mm, Zinc
Titania glass, refractive index 1.523 at sodiumri2 |iCorning, NY) were deposited with 5 nm
of chromium followed by 30 nm of gold in an Aircoriscal BJD1800 E-beam evaporator
(Berkeley, CA). Then the coverslips were coated wily-L-lysine (PLL) to generate
positively charged surfaces. Negatively chargedr@&iameter fluorescent nanospheres (Duke
Scientific, Palo Alto, CA) were diluted to propemoentration in 18.2I% water containing an
oxygen scavenging system, composed of 0.5 mg/mbghioxidase (Sigma), 4@/ml catalase
(Sigma), 10% (w/v) glucose (Sigma) and 1% (Wahercaptoethanol (Fluka). The nanosphere
solution was then loaded on a PLL-modified gold-coatagrslip and covered with a clean
coverslip. The sample slide was placed on the psigfiace. When imaging, a set of one 532 nm
longpass filter and one 620/60 nm bandpass filterq@h, Rockingham, VT) was put between
the EMCCD camera and the microscope to filter awayetttitation background from the
emission fluorescence.

Coverdipswith cdls. A549 Human lung cancer cells (CCL-185, AT@Canassas, VA)
were cultured in T-25 flasks with minimum essential medcontaining 10% fetal bovine
serum. When sub-culturing, the cells were seededlyAlfysine (PLL) coated coverslip and
grew in 37C incubator with 5% C@atmosphere. After 24 hours, the cells were incukiated

cell culture medium containing 100 nm diameter flsoent nanospheres for desired time in the
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same 37TC incubator. After that, the cells on coverslip weared with 3% formaldehyde and
0.1% glutaraldehyde in phosphate buffer &C3fbr 15 min. Then the cells were immersed in
phosphate buffer containing oxygen scavenging systenposed of 0.5 mg/ml glucose oxidase
(Sigma), 4Qug/ml catalase (Sigma), 10% (w/v) glucose (Sigma)Enbdv/v)

B-mercaptoethanol (Fluka). The oxygen scavenging syse#ped to reduce photo-bleaching.
Finally, the coverslip was put on the TIRFM prisanface for imaging. The same set of filters

used above was put between the EMCCD camera and thesoop.

Results and Discussion

Precision and reproducibility of instrument

To demonstrate the precision and reproducibilitthef system, the new microscope was
used to find the exact incident Surface Plasmon Reser(&@PR) angle that produced the most
intense evanescent field for metal enhanced TIRF avp-polarized (in the plane of incidence
formed by the incident and reflected beams) incideser beam as the illumination light. Two
independent runs of the same experiment were camiied loe incident angles at the peak
position for the 2 curves were 66.5° and 66.7°@espely. The relative difference between the
two values is 0.3% which is very small. The intendifference between the 2 curves resulted

from the photo-bleaching during the first run of éxperiment.

Cell imaging

Determination of z-positions of fluorescent nanospheresin cell basolateral part with
variable-angle TIRFM

The angle of incident light was first set to be gee#than the critical angle so that the
instrument functioned as a TIRFM. The incident anghs varied to adjust the penetration depth
of the evanescent wave, allowing the fluorescent nees to show up layer by layer. Figure
4 shows such nanospheres inside the cell that shagvedquentially as the incident angle
decreased toward the critical angle. These fluoreswerdspheres were distributed in the cell
basolateral part which was within several hundreadmeters from the interface of cell culture

and glass substrate.

www.manaraa.com



192

The absolute z-positions of these fluorescent pastide be extracted with the method of
NLLS fitting as described in our previous wdrBriefly, the fluorescence intensity profile of a

chosen nanosphere varies as a function of the incahepe:

F(6) = Acos’ ge *¢ (1)

F(©) is collected fluorescence intensibyis the incident angle; A is the instrument constaris; Z
the absolute vertical position of the chosen fluazasaanosphere; @)is the penetration depth
which is defined by the following equation:

A
47z\/(n1 sin §)? — nZ

d(9) = 2)

A is the wavelengtbf the incident lightn, andn, are the high and low refractive index of the
two media in the TIRF interface. By fitting the fhéscence decay curves with equation (1), the
absolute z-positions of the two particles are caled to bez; =160 nm and;, = 280 nm,
respectively (figure 4D). The fitting result is @stent with the experimental observation:
particle 1 appeared earlier than particle 2 whenrhident angle was scanned from large value
(66.8°) to small value (64.5°) because patrticle & alaser to the substrate (TIRF interface) than
particle 2.

Imaging fluorescent nanospheres distributed deeper inside the cell with
variable-illumination-depth pseudo TIRFM

The instrument functions as a pseudo TIRFM whenrtbigént angle is within the
subcritical angle range, that is, a few degrees snthba the critical angle. The refracted light
instead of the evanescent wave penetrates intethieody and the illumination field depth (the
slanted illumination path above the cell culturd gfass substrate interface) changes from
several hundred nanometers to several micromé@teesnarrow subcritical angle range
maintains the illumination field close to the subst, thus providing reasonable signal to noise
ratios by keeping the background noise at a lowlleve

Unlike TIRFM, pseudo TIRFM does not require the cenfehe laser spot at the cell/glass
interface to overlap with the center of the objextiens. When the laser spot is moved away

from the center of the objective lens, the refratasdr beam can effectively illuminate much
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deeper into the cell body.

The micrographs in Figure 5 were taken at the incidegiesof 63.5°, less thar? $maller
than the critical angle of 64.4°. The objective’sdbplane was scanned from bottom to top
through the whole cell body of aboufi thick. When the focal plane was set to the cell/glass
interface, the fluorescent nanospheres locatedmiltie evanescent field of TIRFM could still
be detected in pseudo TIRFM with good signal te@aoatios. Then the objective’s focal plane
was moved away from the interface while the excitationditions remained constant. More
fluorescent nanospheres located deeper inside iHgecame detectable layer by layer. Through
this scanning process, fluorescent nanospheredextedif depths inside the whole cell body
were imaged.

To selectively image fluorescent nanospheres walgartain depth inside the cell body,
the depth of the illumination field just below thigjective lens can be adjusted by changing
either the incident angle in the subcritical angtegeaor the horizontal position of the excitation
laser spot at the interface of cell culture and gtakstrate. These procedures are demonstrated
in Figure 6. Changing incident angle is the onlyia objective type pseudo TIRFM to adjust

the illumination depth. However, our instrument [ides one more option.

Conclusions

An instrument that can function both as variable-afdRFM and
variable-illumination-depth pseudo TIRFM was builthen the instrument functioned as
variable-angle TIRFM, those fluorescent nanospheheshmvere close to cell basolateral
membrane were imaged and their absatesitions could be extracted. When the instrument
was used as pseudo TIRFM, not only the cell basolatezaibrane part, the whole cell could be
illuminated. Further, by changing the incident angt adjusting the horizontal position of the
laser spot in the cell culture and glass substrageface, those fluorescent nanospheres with
different vertical positions inside whole cell boolyuld be selectively imaged. It demonstrates

that the new instrument can be used to probe théevaed.
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Figure Captions

Figure 9.1. The user interface of the home-made @alibration auto-scanning software.

Figure 9.2Schematic experimental setup and the angle scan primeéBRFM. (A) Schematic
experimental setup for two color automatic angle scanprism type TIRFM (only one light

path shown). The two light paths are symmetricthatwo sides of the prism. (B) The flow
chart explaining how homemade program carries ourigée scan process. (C) The rough
angle scan process at a given incident angle. deats stand for the fluorescent nanospheres
distributed on the prism surface. (D) Experimentages of fine tune process. Top micrograph:
the illumination laser spot was to the left of thed of view; middle micrograph: the
illumination laser spot overlapped with the centefiedfl of view; bottom micrograph: the
illumination laser spot is to the right of the 8edf view. The right chart is the intensities of 3
chosen fluorescent nanospheres for the 3 left miapbgr. X axis stands for 3 nanospheres; Y

axis stands for the fluorescence intensity.

Figure 9.3SPR angle for gold film enhanced TIRFM. (A) Sampleparation and imaging
setup illustrating cartoon. (B) 2 Fluorescence intgrairves of the same nanosphere. The 2
curves were generated from two independent ruttseacdame experiment; the incident angle at

the peak position for the 2 curves was 66.5° and°@@spectively. The top curve is tHérlin.

Figure 9.4. Fluorescent nanospheres distributed tbobe cell basolateral membrane were
imaged in variable-angle TIRFM. (A) Schematic grapbvgng the cell imaged within the EF

of TIRFM. The interface of cell culture and glassstdite was pointed out by the black arrow.
(B) An A549 cell imaged in bright-field microscopydamIRFM at an incident angle of 64.5°.
The image areas are identical. (C) The TIRFM micrdggsay the area defined by the red square
in (B). The incident angles are shown at the topdefher of these micrographs. It is obvious
that the relative vertical positions of the two [zt labeled as 1 and 2 have a relationship of

< 2. (D) Fluorescence decay curves of the two labeledspdmaoes. The NLLS fitting curves

are shown in red.
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Figure 9.5. Whole cell scanned in pseudo TIRF. (&f)eBnatic diagram of pseudo TIRFM. The
objective’s focal plane was adjusted by the objecsiwanner. (B) Images of cell areas at
different vertical depth. The cell was scanned frbetiasolateral membrane to the apical

membrane with um interval. The whole cell thickness was aroundd

Figure 9.6lllumination field depth controlled by changing theident angle or the horizontal
laser spot at the interface of cell culture and gtakstrate. (A) Schematic diagram showing the
illumination field at two incident angles. (B, Cha fluorescence images at two incident angles
of 63.5° and 640 The objective’s focal plane was fixed gird away from the cell basolateral
membrane. A group of fluorescent nanospheres wereenaig63.5°, but disappeared at 64.0°
due to the shallower illumination field depth at eé incident angle. (D) Schematic diagram
showing the illumination field at the same incidenglarbut different horizontal positions of the
laser spot. (E, F) The fluorescence images at the smident angle of 62.6° but two different
horizontal positions of the laser spot. The objei$iocal plane was fixed at the top coverslip.
The fluorescent nanospheres absorbed to the topstipweere not imaged when the laser spot
was close to the objective’s field of view. They wemaged when the laser spot was moved

further away from the objective’s field of view.
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Figure 9.2.
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Figure 9.3.
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Figure 9.4.
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Figure 9.5.
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Figure 9.6.
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CHAPTER 10. GENERAL CONCLUSIONS

The work mainly shows the application of modifiedXDicroscopy and TIRF microscopy
in bioanalytical field. Since both of them use fi@ld detection and wide-field illumination, thus
they are non-invasive and can provide high tempesalution when tracking biological events
happening inside live cells.

First, DIC microscopy was successfully used in 3aigional tracking of a nanoparticle
during the whole endocytosis process in live c@ltlsovercome the difficulty in distinguishing
foreigner nano-probes from native cellular nano-dbjedich have similar sizes and shapes
inside live cells, DIC microscopy was modified toiihinate the sample with two wavelengths
that can be selectively changed. In addition, thtécal birefringent property of gold nanorods
was tested in DIC microscopy. The gold nanorods etber developed as rotational
nano-probes based on which a platform of singlégb@iorientation and rotation tracking
(SPORT) in live cells was built. Unlike fluorescemblpes, gold nanorods don'’t introduce
photo-bleaching concerns and thus allow researcbendsserve infinitely long time in theory. In
this work, DIC microscopy was coupled with a highénsitive and fast detector--EMCCD,
dynamic biological processes including endocytosisiatiacellular transport were captured,
and new rotational information in these two proceseas disclosed.

As discussed in chapter 1, no single imaging teclenigjable to provide researchers all the
pursued information, especially in live cell studygéod imaging platform should be
compatible with other techniques. For example, a siggld nanoparticle can be detected by
DIC and its moving trajectory in live cells can backed in DIC. However, the underlying
microtubule tracks can't be directly seen becausenibetubules inside cell body produce too
weak DIC signals. Then fluorescence labeling anateesponding fluorescence microscopy
technique have to be combined. As shown in chaptle6SPORT platform was successfully
modified to function as DIC, epi-fluorescence or bathdes simultaneously. After modification,
the chemical selectivity property of fluorescence nscopy and the high contrast property of
DIC microscopy were combined.

Second, an auto-calibrated variable angle TIRFM wis B he axial resolution achieved

www.manaraa.com



204

by using the new instrument can be better than 108mmce TIRFM only illuminates the
basolateral cellular part close to the cell cultura substrate interface, the upper part of the cell
is beyond the detection scope of TIRFM. To solve gioblem, the instrument was modified to
function as pseudo TIRFM through adjusting the intigagle of the excitation laser or the
horizontal position of the illumination spot on tinerface. The illumination depth can be
controlled from several tens of nanometers to sewgiabmeters to selectively scan the whole
cell body. The new instrument may be a potential togtudy the whole endocytosis,
exocytosis or other biological processes happenibhgmg near the cell membrane but also
deeper inside the cell body.

The new developed TIRFM instrument can be further doetbwith other techniques
especially STORM. The 20-50 nm lateral resoluticovjated by STORM and the 10 nm axial
resolution obtained in the new TIRFM will make theaging platform as a super resolution

imaging technique in 3D.

Future Work

In the past several decades, different types offluamescent nanoparticles have been
synthesized and studied extensively. These nanogarttah be made of materials other than
pure gold or silver. For instance, it has been repdh@idhanoparticles can be made of copper
or made of mixture materials, such as gold layetemsilica nanoparticles. Besides the
materials of the nanopatrticles, more and more affainé being devoted in controlling the
morphology of nanoparticles. For example, gold alversnanoparticles in different shapes,
such as nanocubes, nanopyramids and nanostars, havaibeessfully synthesized. One main
reason driving the synthesis is that under diffecgcumstances, different types of
nanoparticles may be utilized. It could be basetheraccessibility of surface modification,
biological toxicity, plasmon resonance peak positimngthers. Since most of these
nanoparticles share a common feature: they have [efB& and they show varying apparent
refractive indices at different wavelengths. Ouwvneaging technigue, wavelength-dependent
DIC microscopy, can be applied as a general methtrddk and identify those nanoparticles in

complex environments such as live cells.
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In this work, the smallest gold nanoparticles ttaat be detected by DIC on a clean
substrate were 10 nm; while the smallest gold natiofes used inside live cells were 40 nm.
That is because of the increased background rereéih DIC microscopy which resulted from
cellular structures. Since all those cellular prdeire only several nanometers or even smaller,
it may still alter the proteins’ native behavidrshie labeling agent is on the order of several tens
of nanometers. Nowadays, people are more interestaagle molecule study since every
individual molecule behaves heterogeneously. Dukdadlatively large size of 40 nm labeling
nanoparticles, several copies of proteins may attachepatrticles’ surface simultaneously.
Then the experimental result can't be attributedrigle molecule’s property. In order to benefit
the single molecule study eventually, new typesasfaparticles that have stronger and
shallower plasmon resonance peaks are desired lectteayswill be readily detectable in DIC

microscopy.

When studying the orientation of targets with SPG#Raging technique, anisotropic gold
nanorods were used as the rotational probe. SPORals@asupport as a general imaging
platform to study the orientation of other materthst have optically anisotropic property in
fields other than bioanalytical area. For examplenaterial science, Janus particles which have
at least two physically or chemically distinctivafsges have become an area of great interest
for a variety of applications such as drug delivesnsors, and stabilization of water-oil
emulsions. Thanks to the highly dynamic tracking bdipa of SPORT, the orientation
information of the Janus particles in the liquiddiidjor gas-liquid interfaces can be captured. In
addition, in stereochemistry, there is one type of éb@lnsompounds possessing a property
called specific rotation which results from the chaenters in the chemical structure. Solid
crystals or liquid solutions made of such compoundy cause levorotatory or dextrorotatory
rotation of incident polarized light. The imagingtean or intensity of the crystals of those
compounds in DIC microscopy may change dependin@&inarientations and sizes. Also, the
optical isotropic materials immersed in levorotatorydextrorotatory rotational solutions could
also show variable DIC image patterns when the auretion of the solution changes. Thus,

SPORT platform may help to separate different typerystals or solutions.
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