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 The purpose of this research has been to implement optical methods to investigate 

subcellular biological function. The diffraction limit of light for conventional optical 

microscopy is roughly λ/2, or 200 nanometers for visible light; significantly larger than 

the size of most macromolecules. One way to overcome this limitation is through the 

careful use of polarization optics and choices in fluorescent probes. Like an antenna, 

fluorescent molecules have an orientation at which they preferentially absorb polarized 

electromagnetic radiation. By adjusting the excitation polarization and observing the 

anisotropic polarization of light emitted from the probe, information about the local 

environment of the fluorescent probe or macromolecules that they are bound to can be 



gleaned on a scale much smaller than the diffraction limit of light.  I use this anisotropic 

polarization to probe the interior of synaptic vesicles which were genetically modified to 

lack the SV2 glycoprotein.  I also made fluorescent polymer nanoparticles that exhibited 

high fluorescence anisotropy and demonstrated their value as observers of molecular 

motor function.  This was done by observing the rotation of microtubules as they 

precessed in a microtubule gliding assay.  In chapter 4 I discuss the importance of laser 

choice on cell viability in single-cell nanosurgery. Finally, chapter 5 is a “how-to” guide 

for building and using optical tweezers that was written for a book on methods in 

molecular biology.  
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Chapter 1– Fluorescence Microscopy: Fundamentals, 
Techniques, and Considerations 
 
1.1 FLUORESCENCE FUNDAMENALS 

Excitation and Emission.  George C. Stokes first published the observation that 

certain materials, when illuminated with ultraviolet light, would emit light of a longer 

wavelength.  These materials are now known as fluorophores after the mineral fluorspar 

(now called fluorite), from which fluorescence received its name. The wavelength of 

emitted light was always found to be red shifted in comparison to the source, and the 

difference in energy between absorption and emission is known as the Stokes shift.  By 

selectively filtering the light of excitation and only observing the emitted light, an image 

consisting primarily of the species of interest can be obtained. In the case of Stokes, he 

used the sun as his excitation source, a tinted church window as an excitation filter to 

selectively pass ultraviolet light, and a quinine solution as his fluorescent sample. He 

used a glass of white wine as an emission filter to absorb the ultraviolet light and isolate 

the fluorescence from quinine1.  Modern fluorescence microscopy relies on the same 

mechanisms for isolating the fluorescence of the species of interest as Stokes used to 

observe quinine, but in a much different package. 
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The Stokes shift is the basic principle behind all photoluminescence. If an excited 

state material emits light quickly, on the time scale of nanoseconds, then it is likely due to 

fluorescence.  Phosphorescence is another form of photoluminescence that emits on the 

order of microseconds or longer, but it will not be discussed here.  At the quantum 

mechanical level, fluorescence is due to the absorption of a single photon by an electron 

within a fluorescent molecule, raising the electron’s energy from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 

Vibrational relaxation and spontaneous emission of a photon as the excited electron 

returns from the LUMO to the HOMO completes the process of fluorescence.  The 

energy difference between the HOMO and the LUMO is dependent on characteristics of 

the specific molecule.  Only certain energy transitions are allowed, as governed by 

quantum mechanical selection rules2. 

0

0.2

0.4

0.6

0.8

1

400 450 500 550 600 650 700
Wavelength

Excitation

Emission

Stokes Shift 

Figure 1.1.  
Absorption and 
emission spectra 
of the organic 
fluorophore 
Oregon Green, 
with stokes shift. 
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Fluorescence Intensity and Quantum Yield.  The ratio of all photons emitted by 

a fluorophore integrated over all wavelengths, divided by all photons absorbed by a 

fluorophore is equal to its quantum yield. Due to non-radiative emission, which does not 

result in a photon, this ratio is always less than one and varies greatly between 

fluorophores. A fluorophore’s brightness can be found by multiplying the quantum yield 

by the fluorophore’s extinction coefficient, which is a measure of how strongly a 

fluorophore absorbs light at a given wavelength. Generally, the brightness of a 

fluorophore is linearly proportional to the intensity of excitation light.  However, under 

high intensity excitation from a laser, it is possible to saturate the emission of a 

fluorophore. In this case, the population in the excited state is too great and the 

fluorophore must emit a photon before re-absorption. To avoid saturation, it is useful to 

employ fluorophores with short fluorescence lifetimes as well as high quantum yields to 

prevent the formation of long-lived triplet excitation states which lower the rate of 

fluorescence emission. 

Microscope Resolution.  The resolution power of a microscope is defined by the 

minimum distinguishable distance between two objects.  Assuming that the optical 

components are free of aberration, then the factor that limits optical resolution is the 

wave nature of light.  Such an optical setup is described as diffraction-limited. As light 

from a point source passes through the aperture of a microscope objective, it will diffract 

and form an Airy disk3.  The Airy Disk is a radially symmetric diffraction pattern of 

bright and dark rings created by the constructive and destructive interference of light 

from a single point source with itself as it passes through an aperture.  The limit for 
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resolution is the distance between the first minima and maxima created by two nearby 

Airy disks.  The equation to calculate this resolution limit is shown below. 

ܴ ൌ
ߣ1.22
ߠ݊݅ݏߟ2

 

 
Where λ is the wavelength of light, η is the refractive index of the medium, and θ 

is the half angle of light collected by the objective.   An example of an Airy Disk is 

shown in figure 1.2. For an oil immersion objective, the practical limit of resolution for 

visible light is approximately 170 nanometers. Although objects smaller than this limit 

cannot be resolved with traditional optical microscopy, single molecules smaller than the 

limit of resolution can be detected, and resolution can be increased beyond the diffraction 

limit using fluorescence microscopy techniques that are beyond the scope of this 

introduction4. 
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Figure 1.2. An image of an Airy disk formed by a focused laser beam passing through a 
pinhole. 
 
1.2 OPTICAL TECHNIQUES 

Epifluorescence Microscopy.  The imaging technique with the most widespread 

use for observing fluorescent samples is epifluorescence microscopy.  By focusing an 

excitation light source at the rear focal plane of an objective lens, the resulting excitation 

light will exit the objective and illuminate its sample in a collimated beam as shown in 

figure 1.3.  To prevent vignetting and create even illumination, it is necessary to make 



6 
 

6 

sure that the rear aperture of the objective is filled completely. Fluorescence of the 

sample is collected using the same objective, and back-scattered excitation light is 

filtered out using an emission filter. The intensity of the excitation source can be 

hundreds of thousands of times as intense as the intensity of the fluorescence emission, so 

use of the proper emission filter is critical in isolating the fluorescent species of interest 

from the background. 

 

  

 

Because of the technique’s simplicity and imaging specificity, its application has 

been adopted by scientific disciplines too numerous to discuss. The number of 

fluorescent probes is equally vast; Life Technology’s 11th edition of the molecular probes 

handbook contains over 3,000 novel fluorescent compounds spanning all manner of 

Figure 1.3. Diagram of 
epifluorescence sample 
illumination using an 
inverted microscope. The 
microscope objective is 
used for both illumination 
and imaging of the 
sample.  The blue arrow is 
a ray trace of the exciting 
beam and the green arrow 
is a ray trace of the light 
emitted by the fluorescent 
sample. 
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desired photophysical and chemical properties5.  By using the objective for both 

excitation and observation of the sample, epifluorescence offers some significant 

advantages over other illumination techniques. First, because only the area currently 

observed by the objective is being illuminated, photobleaching of the rest of the sample is 

avoided. Second, because only backscattered light needs to be removed by the emission 

filter, the background is reduced compared to other excitation geometries. However, 

fluorophores that are out of the focal plane are also excited and their emitted light can 

contribute significantly to background fluorescence.    

TIRF microscopy.  Snell’s law dictates that light that reaches a boundary of 

two transparent media with two separate refractive indices, a portion of the light will be 

refracted and a portion will be reflected.  Beyond a certain critical angle shown below, 

the light will be totally reflected.   

ߠ ൌ ଵି݊݅ݏ ൬
ଶߟ
ଵߟ
൰ 

Where η1 is the refractive index of the first transparent medium (usually a glass 

coverslip), η2 is the refractive index of the second transparent medium (usually water or 

the sample attached to the coverslip), and θ is the critical angle for total internal 

reflection. At the interface between the two media, an evanescent wave is generated 

whose intensity decreases exponentially. The depth of this illumination, where 

illumination intensity decreases to 1/e times the intensity at the surface, is determined by 

the equation below.   
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݀ ൌ
ߣ
ߨ4

ሺߟଵ
ଶ݊݅ݏଶߠ െ ଶߟ

ଶሻ 

Where η1 is the refractive index of glass, η2 is the refractive index of the sample, λ 

is the wavelength of light, and θ is the light’s angle of incidence. This penetration depth 

is normally up to 100 nm. Use of this evanescent wave to excite a fluorescent sample was 

first utilized by Daniel Axelrod in 19816, and this technique became known as Total 

Internal Reflection Fluorescence microscopy (TIRFm). If the fluorophore of interest is 

found within the evanescent wave’s penetration depth, then it will be excited by the 

evanescent wave.  

TIRF can offer significant advantages.  Fluorophores and other objects beyond 

this thin layer are not illuminated using TIRFm, so contrast is high and the fluorescent 

background is significantly reduced. The limited penetration depth of exciting light also 

increases spatial resolution along the z-axis, but limits observations to fluorophores 

within 100 nm of the coverslip.  Confocal microscopy can also improve resolution along 

the z axis and can make three dimensional images, but for low concentrations of 

fluorophores, confocal microscopy’s method of scanning over a sample pixel by pixel 

makes it sensitive to blinking events. Normally, a very high numerical aperture (NA) 

objective is required for objective type TIRF illumination. Because image brightness 

scales with NA2 and TIRFm has low background fluorescence, TIRFm is sensitive 

enough to detect single fluorescent molecules. 

Fluorescence Anisotropy.  In 1926, Jean Perrin was the first to observe that a 

fluorescent molecule excited with plane polarized light will emit fluorescent light that is 
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also polarized if that molecule remains relatively stationary. The extent to which the 

emitted light is polarized can be described by its anisotropy, r:   

ݎ ൌ
∥ܫ െ ┴ܫ
∥ܫ ൅ ┴ܫ2

 

Where I║ is the measured intensity of light polarized parallel to the exciting light 

and I┴ is the measured intensity of light polarized perpendicular to the exciting light7. An 

example schematic of how these measurements are taken in a homogeneous bulk solution 

is shown in figure 1.4, although the same concept in the figure can apply to microscopy 

and single molecules. 

 

Because of the fluorophore’s preferential absorption of light aligned with its 

absorption dipole and emission aligned with its emission dipole, fluorophores excited 

with polarized light can have polarized emission. This allows for the selective excitation 

of fluorophores in a solution even if they are randomly oriented. The emitted light can 

Figure 1.4. 
Schematic of a 
system for taking 
anisotropic 
measurements of a 
bulk homogeneous 
solution. 
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become depolarized by several mechanisms. For single molecules in solution, the 

primary means of depolarization is through rotational diffusion of the molecule on a 

timescale faster than its fluorescence lifetime. This depolarization from rotational 

diffusion can be used to probe a fluorophore’s environment, or to measure physical 

changes in the fluorophore such as binding to a ligand without direct contact with the 

sample.  This is described using the Perrin equation: 

଴ݎ
ݎ
ൌ 1 ൅

߬
ߠ

 

Where r0 is the anisotropy of a stationary fluorophore aligned with the excitation 

polarization, ߬ is the fluorophore’s fluorescence lifetime, r is the measured anisotropy, 

which decays over time according to the equation: 

ݎ ൌ ଴݁ݎ
ି
ఛ
ఏ 

 And θ is its rotational correlation time: 

ߠ ൌ
ܸߟ
ܴܶ

 

Where η is the rotational viscosity of the solvent, V is the hydrodynamic volume 

of the fluorophore, R is the gas constant, and T is the temperature.  This equation for the 

rotational correlation time assumes that the fluorophore is a sphere, although single 

molecule studies have shown it works for other shapes8. Small molecules in low viscosity 

solutions exhibit almost no fluorescence anisotropy because their rotational motion is fast 

compared to their fluorescence lifetime. The viscosity of the solution and the size of the 

molecule must be selected carefully to find a useful range over which steady state 
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anisotropy measurements can be made.  However, if the fluorescent probe and target are 

suitable, fluorescence anisotropy provides real-time, fast, sensitive, and non-destructive 

measurements, which makes it quite valuable.   

A single immobilized fluorophore with a parallel absorption and emission dipoles 

that are aligned with the plane-polarized excitation light could, in theory, have an 

anisotropy of r=1.  If a single fluorophore emitted every photon orthogonally to the plane 

polarized emission, then it could have a theoretical anisotropy of r=-1.  However, 

fluorophores in homogeneous solution are not perfectly oriented with respect to the 

excitation polarization, and the likelihood of absorption is proportional to the angle 

between the absorption dipole and plane of polarization. Also, the direction emission is a 

probabilistic quantity and this further limits anisotropy.  For immobile fluorophores in 

homogeneous solution where absorption and emission dipoles are the same, the 

maximum anisotropy value is 0.4 and the minimum is -0.2.  If there is a difference 

between the absorption and emission dipoles the maximum possible anisotropy is further 

reduced to: 

଴ݎ ൌ
2
5
ቆ
ߚଶݏ݋3ܿ െ 1

2
ቇ 

Where β is the angle between the excitation and emission dipoles7. 

If a fluorophore is bound to a molecular motor with a well characterized 

geometry, fluorescence polarization anisotropy can be used to make inferences into 

changes in the position of the molecular motor. As the position and orientation of the 

motor change, so does the fluorophore.  This can provide information beyond the spatial 
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measurements attained through typical fluorescence microscopy.  If the orientations of 

the excitation and emission dipoles are known as well as the orientation of the 

fluorophore upon the target, then direct angular measurements of conformational changes 

are possible. Examples of useful positional changes would be the F0 motor of ATPase, 

myosin movement along actin9, kinesin movement along microtubules (see Chapter 3), 

DNA winding or unwinding, or the orientation of nuclear pores10.   

Optical Trapping.  Optical trapping is a technique first reported by Arthur 

Ashkin in 198611 that relies on the ability of a high power laser focused through a high 

NA objective to produce radiation pressure by transferring momentum from the light to 

the object12.  This pressure, on the order of piconewtons, is enough to trap or steer objects 

on the size scale of nanometers to a few microns as long as their refractive index is higher 

than the surrounding medium. The radiation pressure originates from the refraction of 

light as it goes from the lower refractive index media to the higher refractive index 

particle. Upon refraction the direction of the light is changed, and the change in the 

light’s momentum applies two forces on the particle, a scattering force which pushes the 

object in the direction of the motion of the photons and a gradient force which pulls the 

object in the direction of highest light intensity. Because of this pull in the direction of 

highest intensity, if a laser with a Gaussian beam profile is used then the net force upon 

the object will direct it towards the focal point of the laser beam where it will be 

“trapped” in three dimensions.  It is also possible to make multiple optical traps 

simultaneously using a “time sharing”13  approach, multiple overlapping Gaussian 
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beams14, or through the use of a spatial light modulator15. Optical traps using non-

Gaussian beam profiles can also be made using optical vortices16 or Bessel beams17. 

Optical trapping has the advantage of non-invasively interacting with the object, 

so it can be used like a pair of “optical tweezers” to manipulate a sample with a high 

degree of precision and without direct interference. The object that is trapped is 

manipulated by moving the trap location, which is accomplished using a mechanical 

mirror in the trapping laser’s beam path at a conjugate image plane before the microscope 

objective. The force applied to the trapped object varies predictably depending on the 

parameters of the trap used, and force that displaces the object from the center of the trap 

follows Hooke’s Law. The force generated by optical trapping is measurable, 

reproducible, and well suited to force measurements on many microscopic biological 

samples like molecular motors, DNA binding, or protein folding.  Measurements can be 

made thousands of times per second, with spatial accuracy at the sub-nanometer level18.  

These force measurements are often facilitated by binding the biological molecule of 

interest to a large bead whose displacement within the optical trap can be more easily 

observed. 

Laser Ablation.  The use of a focused pulse of laser light can apply a high light 

intensity to a small sample volume over a short period of time. Absorption of the light 

pulse can cause rapid heating of the sample volume over time periods faster than heat can 

be transferred. This results in the generation of thermal and mechanical transients, 

leading to ablation of the sample volume19. Laser ablation can also proceed through a 

non-thermal mechanism; in that case it is likely to be photochemical in nature. 
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Photochemical ablation is due to reactions precipitated by an interaction between a 

chemical bond and an individual photon, and are primarily caused by lasers in the deep 

UV part of the spectrum (λ<200 nm)20. The mechanistic description of the laser ablation 

varies greatly with the energy density applied to the sample volume, the wavelength, the 

pulse duration (typically 10-9 to 10-13 seconds), and the optical properties of the sample21. 

The volume of ablated sample varies with the mechanism, but can be used with 

biological samples with a wide variety of uses from the large scale, such as tissue 

sculpting in refractive surgery22, to the cellular level in ablating synapses23,  to targeting 

sub-cellular components such as single chromosomes24 or mitochondria25. 

Because laser ablation is useful in a similar size regime and uses similar optics, 

laser ablation is a technique complimentary with optical trapping.  A single cell may have 

its cellular membrane ablated using a pulsed laser, while an organelle of interest is 

removed using an optical trap26. Although the ideal laser for each technique may be 

different, both optical trapping and laser ablation require a tightly focused Gaussian 

beam, and so both have similar considerations in the construction and use of the 

necessary optical components.  Optical trapping is sometimes referred to as “laser 

tweezers” and laser ablation is referred to as “laser scissors”, and the two of them 

combined are “laser surgery”27. 
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1.3 CONSIDERATIONS FOR QUANTITATIVE FLUORESCENCE 

MICROSCOPY 

The optical system design employed for a particular application needs to be 

carefully considered to balance the inherent trade-offs associated with optical microscopy 

which will be briefly covered here.  The most important parameter to optimize depends 

on the application, but generally it is the signal-to-noise ratio of the system.  Fluorescence 

experiments inevitably require sacrifices when considering the trade-offs between 

maximizing the signal, spatial, temporal, and spectral resolution. 

Assuming the detector is not being saturated, it is important to collect as many 

photons from a given sample as possible.  One reason for this is that by maximizing the 

number of photons, it is possible to improve localization of the fluorophore beyond the 

diffraction limit.  By fitting the emission of the collected photons to a two dimensional 

Gaussian function and increasing the signal to noise ratio, one can localize the center to a 

nearly arbitrarily small area28.  In order to reach this level of resolution, it is important to 

have high enough magnification and small enough camera pixels such that the Nyquist 

limit is overcome and under-sampling the image does not lead to misinterpretation. 

However, intensity is inversely proportional to the magnification squared, so empty 

magnification after the Nyquist limit is satisfied will reduce signal without benefit.  The 

Nyquist limit for resolution in the x-y axis is roughly λ/4NA, or roughly double the 

diffraction limit of resolution. 

Typical single organic fluorophores emit roughly 104-106 photons before they 

enter a permanent dark state due to photobleaching. Inorganic semiconducting 
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nanocrystals, or quantum dots, can emit roughly 109 photons before photobleaching, but 

they are prone to sporadic non-emissive states known as blinking that last 10-3-102 

seconds.  Collapsed fluorescent polymer chains contain many conjugated chromophores, 

and can emit anywhere from 107-1010 photons before irreversible photobleaching and 

blink less frequently than quantum dots29.   

For each fluorophore, there is a wide range of labeling strategies available.  Click 

chemistry allows for highly specific “bio-orthogonal” labeling, which leads to little 

interference in biological function.  Other fluorophore chemical linkages include binding 

to primary amines using isothiocyanate and succinimidyl esters, or maleimide 

functionalized fluorophores for binding to sulfhudryl groups like those found in cysteine.  

Non-covalent linkage can be obtained using antibodies or biotin/streptavidin linkages. 

Size restrictions can inhibit fluorescent labeling of intracellular targets, so one can use 

small organic fluorophores or endogenously express fluorophores through transfection 

and expression of fluorescent proteins such as GFP. 

Through the use of reagents that stabilize emitters or reduce oxidative damage to 

chromophores, it is possible to increase the total number of photons emitted before 

photobleaching occurs.  Glucose oxidase and catalase are used together to remove 

oxygen from solution, which leads to nonfluorescent triplet states or irreversible chemical 

reactions between oxygen and the fluorophore.  Other emission stabilizers, such as β-

mercaptoethanol, dithiothreitol, or selectively oxidizing/reducing systems, are 

fluorophore specific and can decrease the time before photobleaching if the wrong 

chemicals are used.  
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Signal can also be improved through the use of electron-multiplying charge-

coupled device (EMCCD) cameras, which use cooled CCDs and high voltage gain to 

reduce thermal noise while efficiently collecting photons.  New EMCCD are capable of a 

quantum efficiency of greater than 0.9 across the visible spectrum, and are generally 

preferable to cameras using complimentary metal-oxide semiconductor sensors (CMOS).  

EMCCD acquisition rates are lower than devices such as avalanche photodiodes (APD), 

but each APD is limited to a single point instead of a 2-D array and have a reduced 

dynamic range compared to EMCCDs.  EMCCDs may have pixels that register higher 

intensities than others, leading to “hot pixels.” This can be corrected after the acquisition 

through subtraction of a dark background image. Other post-acquisition image correction 

techniques are commonly employed in order to “flatten” the brightness of an image, de-

convolve point spread functions, or test for co-localization of multicolor fluorescent 

labels. 
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Chapter 2: Probing Rotational Viscosity in Synaptic Vesicles  

 

2.1 INTRODUCTION 
 

The fusion of neurotransmitter-containing synaptic vesicles (SVs) is the primary 

signaling event between neurons.  Work over the last decade has identified most of the 

proteins associated with SVs and studies aimed at determining where these proteins act in 

the cycle of vesicle formation, filling, targeting, fusion, and recycling are elucidating the 

molecular pathway that underlies synaptic transmission (1-3).  As the next stage in 

understanding the functioning of SVs, we are interested in applying sensitive optical 

techniques for studying individual SVs with single-molecule resolution.  We believe the 

small size (only ~ 40nm in diameter) of SVs makes them potentially amenable to high-

resolution single-molecule experimentations and thorough biophysical studies.  This 

paper reports measurements of the rotational viscosity inside individual SVs.   

It has been suggested that the interior of SVs may be gel-like, with a proteoglycan 

matrix that changes size upon neurotransmitter loading (4, 5).  Furthermore, it is thought 

that the synaptic vesicle protein SV2 (6), which is a twelve trans-membrane domain 

protein with heavily glycosylated intra-vesicular domains, is largely responsible for the 

gel-like interior of synaptic vesicles.  SV2 comes in 3 isoforms; A, B, and C, of which A 

and B are the most numerous.  SV2A and SV2B are critical for proper synaptic vesicle 

function and mice that lack these SV2 proteins, SV2A and SV2B double knockouts (SV2 

DKO), die within 3 weeks (7).  SV2 resembles several well-known membrane transport 
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proteins (1), is the binding target of the anti-epileptic drug levetiracetam (8, 9), and is the 

route of entry for botulinum toxin (10).  By measuring the rotational diffusion rates of the 

small fluorescent molecule Oregon Green (OG (11)) within both wild type and SV2 DKO 

synaptic vesicles, we report SV2 is indeed an important determinant of viscosity in SVs.   

We have recently reported that the hydrodynamic diameters of synaptic vesicles 

increase by as much as 25%, which corresponds to a doubling of the volume, when the 

vesicles are loaded with glutamate (5).  Given the large change in vesicle size upon 

loading with glutamate, we also decided to gain a better understanding on how the 

luminal viscosity might change between vesicles that are empty versus those filled with 

glutamate.  In our studies, we focused on the neurotransmitter glutamate because we 

estimated that ~80% of SVs in the brain are glutamatergic (5).  By measuring the 

rotational viscosity in empty and glutamate-filled vesicles, we report that the presence of 

glutamate results in a decrease in the luminal viscosity of SVs. 

Through these two sets of studies, we aim to gain a better understanding of the 

local environment inside the synaptic vesicle, how tightly organized is the internal matrix 

of the vesicle, whether SV2 is indeed the key determinant of the luminal viscosity, and 

also how the internal matrix might change as the vesicle becomes filled with 

neurotransmitters.  Our study provides biophysical insight into the luminal environment 

of the synaptic vesicle, and represents the smallest sub-cellular organelle in which 

rotational viscosity has been probed. 
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2.2 EXPERIMENTAL 
 

Synaptic vesicle isolation and purification. Wild type SVs were collected from 

commercially stripped mouse brains (Pel-Freeze, Rogers, AR) or from SV2 DKO mouse 

brains graciously provided by the Bajjalieh lab.  The mouse brains were grounded with 

liquid nitrogen in a Waring blender and homogenized in 50 mM HEPES, 2mM EGTA, 

and 0.3 M sucrose at pH 7.4 with 20 strokes in a glass-Teflon homogenizer.  The 

homogenate was spun in an ultracentrifuge (Beckman Coulter, Fullerton, CA) at 

100,000× g for 28 min to pellet cell debris.  The supernatant containing SVs was 

removed and the pellet was discarded.  The supernatant was further purified by layering 

onto a 1.5/0.6 M sucrose step gradient and spun at 260,000× g for 72 min.  The SVs were 

subsequently removed from the interface of the step sucrose gradients.  The vesicles were 

separated into aliquots and flash frozen in liquid nitrogen and stored at -80 ̊C until use.  

All of the buffered solutions were made using Milli-Q water (Millipore, Billerica, MA).   

Loading of synaptic vesicles with Oregon Green.  The details of loading 

Oregon Green 488 (OG) (Invitrogen, Carlsbad, CA) into SVs have been described 

elsewhere (11).  Briefly, SVs were loaded with OG by first using a syringe to load the 

SVs into a microfluidic chip.  SVs in solution adsorbed onto the coverslip glass surface 

(which formed the floor of the microchannel), at which point their media was replaced 

with a pH 5.1 citrate buffered solution containing 290 mM glycine, 10 mM citrate, and 5 

μM OG (“load buffer”) for 5 minutes to load OG into the vesicles.  The buffered OG 

solution was then flushed out using a pH 7.2 solution containing 10 mM HEPES and 290 

mM glycine (“clear buffer”). 
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For the 2-color overlay experiment, wild type mouse SVs were labeled with anti-

SV65 monoclonal primary antibody for 15 min at 20 ̊C and then labeled with secondary 

antibody conjugated with the fluorescent probe Alexa Fluor 633 (Invitrogen) for an 

additional 15 min at 20 ̊C.  Excess antibody was removed using IgG conjugated agarose 

beads specific to the primary and secondary antibody in two steps.  SVs were incubated 

for 45 min at 20 ̊C with the IgG beads, and then the beads were separated via 

centrifugation at 1000× g for 2 min.  The supernatant containing fluorescently labeled 

SVs was removed and the SVs were imaged in a PDMS well, which was sealed to a glass 

coverslip after exposure to oxygen plasma.    

Glutamate loading assay.  Loading glutamate into SVs was verified by a 

NADPH fluorescence assay.  SVs were loaded with glutamate by adding a solution of 10 

mM HEPES, 4 mM KCl, 4 mM MgSO4, 0.3 M sucrose, 1.0 mM Glutamate, and 1 mM 

ATP.  After loading for 10 min, the SVs were pelleted by centrifugation at 125,000× g 

for 30 min.  The supernatant was removed and the pellet was repeatedly rinsed with 

“clear” buffer and then re-suspended in 10 mM HEPES, 150 mM KCl, 0.30 M glucose, 1 

mM NADP+, and 1.4 mg/mL L-glutamic dehydrogenase (Sigma Aldrich, St. Louis, MO).  

The SVs were ruptured in a sonication bath, and the presence of NADPH was detected by 

a Fluorolog 3 (Horiba, Edison, NJ) with excitation set to 360 nm.   

Microscope setup.  Imaging was carried out using an inverted TE-2000 

microscope (Nikon, Melville, NY) equipped with a 100× magnification and 1.3 

numerical aperture (NA) objective.  The samples were illuminated using a Sapphire 488 

nm laser (Coherent, Santa Clara, CA), directed through a polarizing beam splitter cube; 
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polarization was adjusted using a zero order λ/2 waveplate.  The microscope was also 

equipped with a 500 long-pass (LP) emission filter and a 355/488/633/1064 polychroic 

beam splitter.  The emitted light was separated by polarization using a home-built setup 

and imaged onto a Cascade 512b EMCCD camera (Photometrics, Tuscon, AZ).  For two-

color imaging, a 633 nm HeNe (Coherent) was also used, and TIRF illumination was 

employed using a 60× magnification 1.45 NA objective (Nikon).  Red fluorescence was 

collected using a 695/100 band-pass filter.  All optics and opto-mechanics used were 

purchased from either Thorlabs (Newton, NJ) or Newport (Irvine, CA).  All experiments 

were carried out at a temperature of 17-18  ̊C. 

Optical corrections.  The G-factor, a term used to correct for the instrument’s 

sensitivity difference between I|| compared to I٣, was re-evaluated regularly, but no 

measurable changes were detected.  Subtraction of the background and instrumental bias 

from the fluorescence images of SVs was carried out using Metamorph (Molecular 

Devices, Sunnyvale, CA) software.   

Microfluidic chip.  All anisotropy measurements were carried out in a 

microchannel with a dimension of 1 mm wide × 100 μm tall × 25 mm long.  The 

microchannel was created by first making a chrome mask of the features desired and 

aligning the mask above a silicon wafer with a 100 μm layer of the negative photoresist 

SU-8 spin-coated onto its surface.  The wafer was exposed to UV light, and after washing 

and development steps, a silicon master with the desired features was left. A 

polydimethylsiloxane (PDMS)/catalyst mixture was then poured onto the master and 

allowed to harden in a 60 ̊C oven for several hours.  The PDMS mold was removed from 
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the silicon master and bonded to a glass coverslip after exposure to oxygen plasma.  

Solutions and SVs were injected into the microchannel via a syringe.  Prior to plasma 

bonding, the glass coverslips used were cleaned by placing them in a boiling solution of 1 

: 1 : 1 of water : ammonium hydroxide : 30% hydrogen peroxide for 2 hours followed by 

thorough rinsing with milli-Q water. 

Measurements of fluorescence lifetime.  The fluorescence lifetime of Oregon 

Green inside of SVs was measured using a 470 nm picosecond laser coupled to a 

Picoharp 300 TCSPC (PicoQuant, Berlin, Germany).  SVs were loaded with Oregon 

Green and glutamate, and then pelleted via centrifugation at 125,000× g for 30 min.  The 

supernatant was removed; the pellet was thoroughly rinsed, then re-suspended in a 

cuvette with “clear” buffer.  The presence of intact SVs following this process was 

verified by microscopy.  We observed re-suspended synaptic vesicles under epi-

illumination prepared in this manner and did not observe noticeable OG leakage from the 

vesicles within our timescale of measurement.   

 

2.3 RESULTS AND DISCUSSION 

Because of the extremely small volume enclosed within a synaptic vesicle (~ 

40nm in diameter, which corresponds to a volume of ~ 2× 10-20 L within the SV 

membrane), it is difficult to probe its internal environment by following a molecule’s 

translational motion within this tightly confined space.  As a result, we decided to follow 

the rotational diffusion of molecules within this intra-vesicular volume using 

fluorescence polarization anisotropy (12).  Here, a fluorophore’s anisotropy, r, is a 
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comparison of the difference between the intensity of light emitted that is parallel to the 

polarization of the excitation light (I||) and the intensity of emission perpendicular to the 

excitation polarization (I٣) divided by the total light intensity.  Specifically,  

r	ൌ	ሺI||	‐	I٣	ൈ	Gሻ	/	ሺI||	൅	2	ൈ	I٣ൈ	Gሻ	

where G is a correction factor for instrumental bias.  The ratio between measured 

anisotropy and the theoretical maximum anisotropy can be used to find a fluorophore’s 

rotational correlation via the Perrin Equation,  

ሺr0	/	rሻ	ൌ	1	൅	τ	/	θ	

where r0 is the maximum anisotropy of a stationary fluorophore, τ is the fluorescence 

lifetime, and θ is the rotational correlation time.  The rotational correlation time is 

proportional to the viscosity of the medium as shown by the equation,  

θ	ൌ	ሺηVሻ	/	ሺkTሻ	

where η is the solvent viscosity, V is the hydrodynamic volume of the rotating unit, k is 

Boltzmann’s constant, and T is temperature (13). 

Loading of synaptic vesicles with Oregon Green.  To measure the rotational 

viscosity inside SVs using fluorescence polarization anisotropy, we must be able to 

introduce fluorophores into the interior volume of the vesicles.  Here, we take advantage 

of an observation we made previously (11), where when the pH of the solution around 

vesicles was lowered to ~ 5.1, OG could be loaded.  OG could be loaded only in this 

specific pH range and it leaks out slowly at physiological pH.  The mechanism of OG 

uptake into synaptic vesicles is not clear, but several lines of evidence show they are not 

non-specifically adsorbed on the surface of the vesicles. 
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To verify that we were observing SVs and that they were indeed loaded with OG, 

we labeled SVs with primary monoclonal antibody against the membrane protein SV65 

and a red fluorescent secondary antibody (Alexa633), which was spectrally distinct from 

the green emission of OG.  The antibody-labeled SVs were then loaded with OG, after 

which we used two-color TIRF (total-internal-reflection fluorescence) microscopy to 

image the antibody-labeled (red) and the OG loaded (green) SVs, and to ensure OG were 

indeed loaded selectively into the SVs as identified with the SV-specific antibody. Figure 

2.1 A shows representative two-color images, in which it is evident there is good overlay 

between the antibody-labeled (red) and the OG-loaded (green) SVs, which indicates high 

specificity of OG loading into SVs.  Given the photostability and relative insensitivity to 

pH, OG is a robust fluorescence probe for the lumen of SVs.     
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Figure 2.1.  Two-color fluorescence imaging of synaptic vesicles and optical setup for 
measuring fluorescence polarization anisotropy of individual vesicles. (A) Two-color 
imaging of synaptic vesicles (SVs): left column (panels 1, 4, 7) are SVs with green 
fluorescence from loaded Oregon Green; middle column (panels 2, 5, 8) are SVs labeled 
with red fluorescent antibodies specific to the SV protein SV65; right column (panels 3, 
6, 9) are overlays of the green and red images.  (B) Schematic of microscope setup used 
to determine the steady-state anisotropy of individual SVs; the fluorescent spots in the 
inset are individual SVs loaded with Oregon Green. 
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Fluorescence anisotropy measurements.  Figure 2.1 B shows the microscope 

setup we used to measure the fluorescence anisotropy of OG in SVs.  Fig. 2.2 shows the 

measured anisotropy of OG in 752 SVs empty of neurotransmitters from wild-type (WT) 

mice (A), 794 empty SVs from SV2 DKO mice (B), and 781 SVs from WT mice loaded 

with the neurotransmitter glutamate (C).  The mean anisotropies of the SVs were 0.146 ± 

0.074, 0.115 ± 0.066, and 0.119 ± 0.051 for empty WT, empty SV2 DKO, and glutamate-

loaded WT SVs, respectively; the uncertainties represent the standard deviation.  The 

broad distribution of measured anisotropies is likely caused by a combination of factors, 

such as the heterogeneity inherently present in the SVs, which came from a whole mouse 

brain preparation, or nanoscopic imperfections in the glass surface that would lead to 

local changes in the polarization of the light around each SV.  However, there is still a 

statistically significant difference between the WT anisotropy and the anisotropy of DKO 

or glutamate loaded SVs (p<0.05).  When comparing SV2 DKO and glutamate loaded 

SVs, the difference was not found to be statistically significant.  Another concern is that 

the use of high numerical aperture objective (NA = 1.3) can lead to uneven polarization 

across the field of view and also cause polarization mixing; however, we have studied 

this and did not find this potential issue to be a problem (see next section).   
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Figure 2.2.  Histograms of the measured anisotropies of three different sets of synaptic 
vesicles (SVs).  (A) Empty SVs from wild type (WT) SVs have a mean anisotropy of 
0.146 (n=752). (B) Empty SVs from SV2 double knock-out (DKO) mice have a mean 
anisotropy of 0.115 (n=794).  (C) WT SVs loaded with the neurotransmitter glutamate 
(Glu) have a mean anisotropy of 0.119 (n=781). 
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Effect of high NA on polarization.  Out of concern for the effect of high NA 

upon fluorescence polarization measurements (14), we investigated the possible effect 

that this would have on our results by comparing the measured anisotropy of OG in 

various glycerol/water solutions obtained with a 0.40 NA (20× magnification) objective 

and the 1.3 NA (100 × magnification) objective used for measuring the anisotropy of 

SVs.  The measured anisotropy between the two objectives was not significantly different 

(data not shown), so the effect of NA on polarization anisotropy was assumed to be 

small.    

Assay for verifying loading of glutamate into synaptic vesicles.  In the absence 

of ATP, glutamate leaks out of SVs (5).  As a result, the SVs we isolated and purified 

from whole brain were empty and devoid of glutamate.   However, incubating SVs in a 

loading buffer that contains ATP and glutamate will refill the SVs with glutamate (5).  To 

verify that the glutamate loaded SVs were indeed refilled with neurotransmitter we used a 

fluorescence assay for glutamate: 

Glutamate + NADP+   L‐GDHሱۛ ۛۛሮ	2-oxoglutarate + NH4
+ + NADPH 

Here, glutamate dehydrogenase (GDH) converts glutamate and NADP+ to 2-

oxoglutarate and NADPH.  Therefore, the presence of glutamate could be verified by the 

conversion of NADP+ to NADPH, because fluorescence of NADP+ peaks at λem 400 nm 

while NADPH has a fluorescence peak at 460 nm.   

 Glutamate was loaded into SVs by incubating purified SVs with glutamate in the 

buffer described in methods.  Figure 2.3 shows the result of our fluorescence assay for 

glutamate loaded SVs.  Without ATP, glutamate does not load into SVs, so SVs 
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incubated in glutamate loading buffer without ATP was used for the negative control.  

The reduced NADPH peak in the negative control shows there was little glutamate 

present in the vesicle without active transport.  However, there seems to be a very small 

amount of NADPH fluorescence, likely because some extra-vesicular glutamate that was 

present in high concentrations in the loading solution was not removed or adsorbed to the 

SVs.  The positive control contained glutamate diluted to a final concentration of 5 μM in 

a SV-free solution.  When the glutamate loaded SVs were disrupted through sonication to 

test for the presence of glutamate, their contents were diluted by several orders of 

magnitude by the extravesicular assay buffer.  Because of this large dilution the detected 

NADPH fluorescence was weak, although it still clearly demonstrated glutamate loading 

into SVs.   
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Figure 2.3.  Fluorescence assay for verifying loading of glutamate into synaptic vesicles.  
In the presence of glutamate, glutamate dehydrogenase converts NADP+ into NADPH, 
which has a broad fluorescent peak with a center wavelength of ~ 450 nm.  In this assay, 
the amount of glutamate present in the sample is correlated with the intensity of the 
NADPH fluorescence.  Red curve is the positive control, which had 5 μM of glutamate in 
solution.  Blue curve shows the presence of glutamate in SVs loaded with glutamate 
using a loading buffer that contained glutamate and ATP.  Because of the extremely 
small volume of SVs, there was a large dilution of glutamate when the intra-vesicular 
glutamate was released into solution following the lysis of SVs.  Green curve is the 
negative control, which was identical to the procedure and solution used for the blue 
curve, but without ATP, which is needed for active transport of glutamate from the extra-
vesicular solution into the vesicles during loading.  
 
 

Measurements of fluorescence lifetime of OG in synaptic vesicles.  To quantify 

the rotational viscosity of the vesicle lumen based on the fluorescence polarization 

anisotropy of OG and the Perrin equation, the fluorescence lifetime of OG must also be 

determined.  Because fluorescence lifetime can change depending on the immediate 

environment experienced by the dye molecules, it was necessary to measure the 

fluorescence lifetime of OG after it had been loaded into the SVs.  We carried out this 
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experiment by loading the SVs with OG, as described previously, and then separating the 

SVs from the free OG in solution by pelleting the SVs via centrifugation.  The OG loaded 

SV pellet was thoroughly rinsed and then re-suspended in a buffered solution prior to 

measurement.  For glutamate loaded SVs, an additional glutamate loading step followed 

the loading of SVs with OG.   

Figure 2.4 shows our measured fluorescence lifetime of OG in WT empty SVs, 

SV2 DKO empty SVs, and WT glutamate loaded SVs.  The fluorescence lifetime of OG 

did not vary greatly between each of the samples, which indicated there was not a 

significant amount of self-quenching or fluorescence depolarization due to effects like 

HOMO-FRET (Förster resonance energy transfer) after OG was loaded into SVs.  

Additionally, the fits to the fluorescence lifetimes were not improved by including 

additional lifetime components.  This fact suggests that the OG loaded within the SVs 

was homogeneous, as OG molecules adsorbed to the membrane surface of SVs or stacked 

on top of one another should have quite different fluorescence lifetimes.  The presence of 

only one resolved fluorescence lifetime, along with experiments conducted in (11) and 

the specificity of OG loading at pH 5.1 all indicate that the OG is freely rotating in the 

SV lumen instead of being absorbed to the SV membrane.  
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Figure 2.4.  Fluorescence lifetimes of Oregon Green (OG). Fluorescence decay curve of 
(A) free OG in solution, (B) OG in empty wild type synaptic vesicles, (C) OG in empty 
SV2 double knock-out (DKO) synaptic vesicles, and (D) OG in wild-type synaptic 
vesicles that have been  filled with glutamate.  The additional peaks in panels C and D are 
from the instrument response function of the detector.  They are more prominent here 
than in the other panels because of low fluorescence signal from OG.  Each graph also 
displays the chi-squared values for the single exponential lifetime fittings and below each 



35 
 

35 

of the decay curves is a plot of the residuals from fitting the curves to a single 
exponential decay function. 

 

Rotational viscosity in synaptic vesicles.  To determine the rotational viscosity 

within synaptic vesicles, we first had to obtain a calibration curve using the anisotropies 

and lifetimes of OG.  For this, we added OG to solutions containing progressive ratios of 

glycerol:water, and their anisotropies were measured in order to extrapolate to the 

anisotropy of OG in a solution with infinite viscosity, that is, the equivalent of a 

stationary OG molecule as shown in the inset graph in figure 2.5.  We found the 

maximum anisotropy of OG, r0, to be 0.346 ± 0.003, which is close to previous 

measurements for different adducts of OG (15).  Figure 2.5 plots the theoretically 

calculated rotational viscosities and the experimentally measured values, which match 

well with the theoretically calculated viscosities as determined using a method developed 

by Cheng et al. (16). 
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Figure 2.5.  Measurements of rotational viscosity. The blue line represents theoretically 
calculated rotational viscosities; the dots with error bars are experimental values we 
measured using our setup for OG in aqueous solution containing varying amounts of 
glycerol. Wild Type (WT) empty vesicles, SV2 double knock-out (DKO) empty vesicles, 
and wild-type glutamate loaded vesicles were placed on their respective positions on the 
curve based on their average anisotropies and measured fluorescence lifetimes.  Inset is 
the Perrin plot used to extrapolate r0, the absolute anisotropy of OG. 
 

With this calibration curve, we were able to determine the mean viscosity within 

each of the three types of synaptic vesicles that we prepared.  Empty SVs from wild-type 

mice had the highest viscosity, while both empty SV2 DKO vesicles and wild type SVs 

filled with glutamate had significantly lower viscosities.  Table 1 summarizes the data.   
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 WT SV2 DKO Glutamate Loaded OG in Water 

Mean Anisotropy 0.146 ± 0.003 0.115 ± 0.002 0.119 ± 0.002 0.0162 ± 0.0009 

OG Fluorescence  
Lifetime (ns) 

4.01 ± 0.02  
(χ2=1.002) 

3.99 ± 0.01  
 (χ 2=1.100) 

3.84 ± 0.05   
(χ 2=1.007) 

3.85 ± 0.05  
(χ 2=1.209) 

Viscosity (cP) 16.49 ± 0.12 11.21 ± 0.12 11.40 ± 0.65 1.08 ± 0.06 

Rotational Correlation  
Time (ns) 

2.93 ± 0.02 1.99 ± 0.02 2.01 ± 0.11 0.19 ± 0.01 

 

 
Table 2.1.  Data of merit WT: empty synaptic vesicles from wild-type mice (n=752); 
SV2 DKO: empty synaptic vesicles from SV2 Double Knock Out mice (n=794); 
Glutamate Loaded: synaptic vesicles from wild-type mice filled with glutamate (n=781); 
OG in Water: Oregon Green in water (n=3).  The SV anisotropy values reported in the 
table are the calculated standard error of the mean for each SV population.  The standard 
deviations for WT, SV2 DKO, and glutamate loaded SVs are ±0.074, ±0.066, and 
±0.051, respectively.  Despite the large variations in each SV sample, there is a highly 
statistically significant difference between the measured viscosities of WT SVs and SV2 
DKO SVs (t=8.69, p<0.0001) and between WT SVs and glutamate loaded SVs (t=8.28, 
p<0.0001). 

 

The high viscosity (16.5 cP) measured inside wild-type empty vesicles reflects 

both the minuteness of the enclosed volume (~ 2×10-20
 L) as well as the tight packing of 

the intra-vesicular volume by the luminal domains of SV proteins.  In particular, the 

heavily glycosylated luminal domains of SV2 is an important contributor to the viscous 

environment in SVs.  Takamori et al. (2) estimated that on average, each SV contains 600 

transmembrane domains; we recently counted each SV contains exactly 5 copies of SV2 

(17), which represents a relatively small fraction of proteins present on SVs. Yet, SVs 

lacking SV2 have a significantly lower viscosity of 11.2 cP, which confirms SV2 is an 

important determinant of intra-vesicular viscosity.   
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We also found empty vesicles had higher viscosity on average than vesicles filled 

with glutamate.  This finding, although may seem unexpected at first because the intra-

vesicular space should be more packed with molecules while filled with glutamate, is 

actually quite consistent with our recent report that SVs loaded with glutamate double 

their volume  in comparison with empty SVs (5).   

 

2.4 CONCLUSIONS 

In conclusion, we note a significant difference in rotational viscosity between 

empty wild type and DKO synaptic vesicles as well as between wild-type empty versus 

glutamate-loaded vesicles.  Our result indicates that the heavily glycosylated 

intravesicular domains of SV2 is a significant determinant of the rotational viscosity and 

local environment within the vesicle lumen.  Additionally, our finding that empty vesicles 

are actually more viscous than glutamate-filled vesicles supports our previous report that 

synaptic vesicles do greatly expand in volume upon loading with neurotransmitters.  

Despite the small size (~ 40nm in diameter) and volume (~ ~ 2×10-20 L) defined by single 

synaptic vesicles, this paper shows it is possible to determine the rotational viscosity 

within this tiny volume and thus represents the smallest enclosed volume in which 

rotational measurement has been measured thus far.    
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Chapter 3:  Semiconducting Polymer Nanoparticles as 
Polarization-sensitive Fluorescent Probes for the 
Measurement of the Orientation and Movement of 
Proteins 
 
3.1 INTRODUCTION 

Semiconducting polymer nanoparticles offer many advantages as fluorescent 

tags.1  They are bright2, emitting enough photons to be tracked with nanometer accuracy.3  

They can be made easily using the nanoprecipitation method from a wide range of 

fluorescent polymers4,5, so that the absorption and emission spectra can be tailored to the 

specific application.6  The small size and close packing of polymers allow for efficient 

energy transfer to doped dyes. 7 The nanoparticles  can possess flexible surface chemistry 

and are easily functionalized with antibodies and other proteins7–10 to bind a wide array of 

targets with a high degree of specificity. They can also be incorporated with other 

nanoparticles, such as quantum dots or gold or iron nanoparticles.11  A variety of the 

polymers used in semiconducting nanoparticle formation have been shown to be 

biocompatible.12 

Electronically excited conjugated polymers in nanoparticles undergo excited 

energy transfer (EET) along the backbone13 and transfer absorbed energy to segments 

where light emission takes place.14 EET happens from local regions of higher excitation 

energy to regions of lower energy where emission is preferred.15-17 By blending 

fluorescent conjugated polymers at very low mass ratios with matrix polymers, we 

describe in this communication fluorescent nanoparticles that take advantage of the EET 
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within conjugated polymers.  The fast EET along a short conjugated polymer backbone 

results in polymer nanoparticles that have high fluorescence polarization anisotropy.  By 

monitoring the changes in a nanoparticle’s polarized fluorescence intensity, changes in 

nanoparticle position can be inferred. By attaching the polymer nanoparticles to a protein 

of interest and observing the change in intensity of polarized light as a polymer 

nanoparticle moves, change in protein orientation as well as spatial information can be 

obtained simultaneously using the same fluorescent probe.  We demonstrate the practical 

application of our bright, polarization-sensitive protein probes by monitoring the rotation 

of microtubules as they precess across a kinesin-coated surface.  

We have used the nanoprecipitation method to generate conjugated polymer 

nanoparticles that were bright and showed intensity variation based on their orientation 

and the polarization of exciting light. The polymer nanoparticles’ biocompatibility, 

chemical composition flexibility, and small size (7.46 nm) can make them useful as 

chemical probes for monitoring changes in protein orientation without significantly 

interfering in their function.   

 

3.2 EXPERIMENTAL 

Materials.  Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-(2,1’,3)-

thiadiazole)] (PFBT, 10 kDa MW, polydispersity index (PDI) 2.3) was purchased from 

American Dye Source, Inc. (Quebec, Canada). Polystyrene-graft-poly(ethylene oxide) 

functionalized with carboxyl groups (PS-PEG-COOH, main chain MW 8,500, graft chain 

MW 1,200, total chain MW 21,700, PDI 1.25) was purchased from Polymer Source Inc 
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(Quebec, Canada). Dimethyl sulfoxide (DMSO), casein, adenosine 5’-triphosphate 

magnesium salt (MgATP), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-

Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), (3-aminopropyl) 

triethoxysilane (APTES), poly(ethylene glycol) (PEG), and tetrahydrofuran (THF) were 

purchased from Sigma-Aldrich (St. Louis, MO). 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) was purchased from Invitrogen (Carlsbad, CA).  

30% Hydrogen peroxide was purchased from JT Baker (Mansfield, MA). Ultrapure water 

(Milli-Q) was produced by a Milli-Q water production unit; this production unit and 

ammonium hydroxide were purchased from EMD Millipore (Billerica, MA). Tubulin 

protein, biotinylated tubulin, fluorescent HiLyte 488 tubulin, paclitaxel (“Taxol”), 

guanosine-5’- triphosphate (GTP), and General Tubulin Buffer (GTB) were purchased 

from Cytoskeleton Inc. (Denver, CO). Full length kinesin motor proteins of two varieties, 

fruit fly kinesin and Escherichia coli, were kindly provided by the Wordeman lab at the 

University of Washington department of physiology and biophysics.  All chemicals were 

used as-is unless stated otherwise. 

P70 Polymer synthesis.  The copolymer was synthesized by grafting 

hydrophobic dodecylamine onto the hydrophilic poly(isobutylene-alt-maleic anhydride) 

(Mw~6,000) backbone through spontaneous amide linkage, which converts one maleic 

anhydride into one corresponding amide and one free carboxylic acid. Typically, 0.5 g 

(0.083 mmol) of poly(isobutylene-alt-maleic anhydride) was dispersed in 20 mL of 

anhydrous THF in a 100-mL round flask. 0.43 g (2.32 mmol) dodecylamine dissolved in 

40 mL of anhydrous THF was quickly injected to the polymer solution and kept at 60 °C 
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with vigorous stirring. After 3 hours, the reaction mixture was concentrated to one third 

of the original volume under a reduced pressure. The concentrated solution was further 

refluxed overnight at 60 °C. The solvent was then slowly evaporated until the polymer 

was completely dry to obtain a pale yellow solid. The final product yield is ~0.88 g, 95%. 

1H NMR (500 MHz, CDCl3): δ = 4.368-4.339 (br s, 2H), 3.74 (s, 2H), 2.516-2.483 (br s, 

2H), 2.282-2.251 (br s, 2H), 1.848 (s, 2H), 1.264 (s, 22H), 0.879 (s, 9H).   

Semiconducting Polymer Nanoparticle Formation. Polymer nanoparticles were 

formed by a nanoprecipitation technique. THF solutions with 20 μL of 10 mg/mL P70, 25 

μL of 10 mg/mL PS-PEG-COOH, and 1 μL of 10 mg/mL PFBT were mixed with 5 mL 

of THF and the resulting solution was sonicated for 1 minute.  Following sonication, the 

THF solution was quickly added to 10 mL of Milli-Q water under high sonication power. 

The polymer is insoluble in water and quickly formed polymer nanoparticles. The THF 

was then removed by heating the solution to 85 °C and bubbling nitrogen gas through the 

solution for 2 hours. Following removal of THF, the polymer dots were filtered through a 

0.2-μm filter. 

Polymer Dot Bioconjugation. Polymer nanoparticles were covalently bound to 

streptavidin in order to provide a convenient way to link nanoparticles with other 

biomolecules or structures of interest. 4 mL of nanoparticle solution with 0.1% PEG was 

mixed with 240 μL of streptavidin solution (1 mg/mL), and then 80 μL of freshly 

prepared EDC (5 mg/mL) was added to the solution. This was mixed for 4 hours by 

magnetic stirring at room temperature. After 4 hours, amine-terminated PEG was added 

along with an additional 80 μL of EDC in order to cap any remaining carboxylic acid 
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groups on the surface of the polymer dots and to reduce nonspecific binding. The reaction 

was allowed to continue for another 2 hours and then quenched with 80 μL of a 10 wt% 

BSA solution. The polymer dots were then concentrated using a 100,000 MW cut-off 

centrifuge tube and purified on a size-exclusion column. The resulting streptavidin-and-

PEG-functionalized polymer dots are stable for several months if refrigerated at 4 °C. 

Microtubule Preparation. Microtubules were polymerized from tubulin by 

mixing 10 μL GTB with 9 μL of 10 mg/mL tubulin, 1 μL 10 mg/mL biotinylated tubulin, 

2 μL anhydrous DMSO, and 0.5 μL GTP. The solution was placed in a 37 °C water bath 

and taxol was added to a final concentration of 2 μM, 20 μM, and 200 μM at 0, 10, and 

20 minutes, respectively. Polymerization was continued for 60 minutes and the 

microtubules were shortened by pipetting the microtubule repeatedly before use.  

Fluorescently labeled microtubules, used as a control, were prepared by replacing the 

biotinylated tubulin with HiLyte 488 tubulin and polymerizing the tubulin as described 

above.  

Microtubule Gliding Assay. All glass coverslips were cleaned by sonication for 

30 minutes in a 2% Micro-90 solution, followed by thorough rinsing in Milli-Q waterand 

sonication for 30 minutes in Milli-Q water. The glass was then boiled in a 3:2:1 solution 

of Milli-Q:NH4OH:H2O2 for 60 minutes, followed by thorough rinsing with Milli-Q 

water before use. A channel with the approximate dimensions of 2.5 cm × 1 cm × 1 μm, 

was created using a clean glass slide attached to a 1” coverslip using double-sided sticky 

tape.  Gliding microtubules with attached polymer dots were visualized using a slightly 

modified technique previously described by Wang et al.25 A series of five solutions, 10 
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μL each, were introduced to the channel and allowed to sit for 5 minutes after their 

introduction. Solution 1 contained GTB with 0.5 mg/mL casein. Solution 2 contained 

GTB with 0.2 mg/mL casein, 0.3 mM MgATP, and kinesin. Solution 3 contained GTB 

with 0.5 mg/mL casein, 0.3 mM MgATP, 10 μM Taxol, and 0.05 μL of the microtubule 

solution. Solution 4 contained GTB with 0.5 mg/mL casein, 0.3 mM MgATP, 10 μM 

Taxol, and 50 pM functionalized polymer dots. Solution 5 contained GTB with 0.5 

mg/mL casein, 1.5 mM MgATP, 10 μM Taxol, and an oxygen scavenging system (50 

μg/mL glucose oxidase, 4μg/mL catalase, 1% glucose, and 0.1% β-mercaptoethanol). The 

final solution was introduced three times to flush out the free polymer nanoparticles.      

Optical Setup. Polarized wide field illumination was accomplished using best 

form spherical singlet lenses, 488 nm λ/2 waveplates, and polarizers (Thorlabs, Newton, 

NJ). Through careful placement of polarization optics, we achieved an I||:I٣ ratio of 

100:1.The 488-nm dichroic mirror we used was chosen for its insensitivity to polarization 

for reflection and transmission. Fluorescence excitation came from a Sapphire  488-nm 

laser (Coherent, Santa Clara, CA). Excitation light was filtered out using a 500-nm 

longpass filter.  Imaging was carried out using a TE-2000 microscope (Nikon, Melville, 

NY) and a 100× 1.3 numerical aperture objective. A home-built setup described 

previously (Zeigler et al)19 was used to separate the orthogonally polarized fluorescence 

components, and the resulting pair of images were captured on two halves of the same 

Cascade 512b EMCCD camera (Photometrics, Tucson, AZ). 
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Observation of Individual Surface Bound Polymer Nanoparticles.  Individual 

polymer nanoparticles were observed by applying very dilute (1 pM) solutions of 

polymer nanoparticles to (3-aminopropyl)triethoxysilane treated number 1 glass 

coverslips (Bellco, Vineland NJ).  The coverslips were photoetched to assist in 

positioning the coverslip under bright-field illumination.  After five minutes, the 

coverslips were rinsed with Milli-Q water, dried, and made in a channel as described 

previously.  Polymer nanoparticles polarization sensitivity was demonstrated by filling 

the channel with water and inserting the channel into a rotating stage mounted on the 

microscope.  The polymer nanoparticles were illuminated and stage was rotated manually 

to visualize the selectively polarized emission of individual polymer nanoparticles.    

Characterization of Polymer Nanoparticles.  All fluorescence spectra were 

taken in 20 mM HEPES buffer, pH 7.4, supplemented with 0.1% PEG.  Quantum yield 

measurements were taken using a Hamamatsu absolute PL quantum yield measurement 

system (Hamamatsu, Shizuoka, Japan), excited at 450 nm with a xenon lamp. 

Fluorescence lifetime and time-resolved fluorescence anisotropy measurements were 

taken using a Pico Quant Fluo time 100 system and a 470 nm picosecond laser as per 

manufacturer’s recommendation and analyzed using commercial Fluo Fit software 

(Picoquant GmbH, Berlin, Germany).  Nanoparticle size and zeta potential were 

characterized using a Zetasizer Nano ZS (Malvern, Philadelphia, PA).  Fluorescence 

spectra were taken using the Fluorolog-3 fluorospectrometer (HORIBA, JobinYvon, NJ). 

Fluorescence spectra were taken in 20 mM HEPES buffer, pH 7.4, with 0.1% PEG. 
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3.3  RESULTS AND DISCUSSION 

Preparation of polymer nanoparticles.  Figure 3.1 shows the strategy used for 

preparing polarization-sensitive fluorescent nanoparticles.  Nanoprecipitation of the 

hydrophobic fluorescent polymer Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-

(2,1’,3)-thiadiazole)] (PFBT), along with matrix polymers P70 (see Scheme 1 for 

chemical formula) and polystyrene-graft-poly(ethylene oxide) functionalized with 

carboxyl groups (PS-PEG-COOH), formed small fluorescent nanoparticles with a mean 

diameter of 7.46 nm and a peak width of 1.46 nm.  The polymers P70 and PS-PEG-

COOH formed a hydrophilic shell and a hydrophobic core, which encapsulated the 

hydrophobic PFBT polymer. The absorption/emission spectra of the nanoparticles are 

shown in Figure 3.2A.  The nanoparticles were functionalized with streptavidin in order 

to facilitate binding to biomolecules. Figure 3.2B shows the nanoparticles had a relatively 

low zeta potential of -28 mV in 20 mM HEPES buffer at pH 7.2.  To prevent aggregation 

and nonspecific adsorption, they were also functionalized with polyethylene glycol 

(PEG).   Dynamic light scattering (DLS) measurements show an increase in average 

polymer nanoparticle hydrodynamic diameter before and after bioconjugation from 7.46 

nm to 12.07 nm with peak FWHM of 1.46 and 3.72 nm, respectively (Figure 3.2C and 

D). The resulting functionalized nanoparticles were found to be quite monodisperse and 

their size measurement remained stable for months at 4 °C. The size of polymer 

nanoparticles had been previously determined using transmission electron microscopy as 

well as DLS, and the results were shown to be comparable using either method.7 The 

small size of polymer nanoparticles generated in this method is valuable for two reasons. 
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First, their small size allows them to bind to proteins with minimal influence on protein 

activity. Second, the small size improves labeling efficiency due to improved mass 

transfer properties compared to larger fluorescent tags like beads.    

 

Figure 3.1. Schematic showing the preparation of polymer nanoparticle using 
nanoprecipitation and subsequent bioconjugation.  Briefly, a THF solution of PFBT, the 
amphiphilic polymer PS-PEG-COOH and matrix polymer P70 is quickly injected into 
water under high sonication power to precipitate nanoparticles.  The hydrophobic 
fluorescent PFBT is trapped within the core of the nanoparticle.  The THF is removed by 
heating and bubbling with nitrogen. The nanoparticles are then bioconjugated to 
streptavidin and PEG. 
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Figure 3.2. Bulk fluorescence and physical properties of polymer nanoparticles.  (A) 
Absorption and emission spectra of polymer nanoparticles.  (B) Zeta potential after 
bioconjugation and PEG functionalization.  (C) Number-averaged nanoparticle 
hydrodynamic diameter before functionalization and (D) after functionalization with 
streptavidin and PEG.  Despite the low zeta potential, polymer nanoparticle sizes 
remained stable for months and aggregation was not observed.   

The mass of single polymer nanoparticles was estimated to be 200 kDA by 

differential centrifugation with a 1.5 M sucrose pillow. An 8-nm –diameter polymer 

nanoparticle with a density of 1.1 g/cm3 would weigh approximately 200 kDa.  With a 

mass ratio of fluorescent polymer of ~ 1-5% and a molecular weight of 10 kDa, each 

polymer nanoparticles contained around 1 PFBT chain per nanoparticle. This low mass 

ratio of fluorescent polymer differentiated these nanoparticles from previous work with 

Pdots, which generally contained at least 50% polymer by mass and often up to 100%. 1, 6 
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Although the lower mass ratio of PFBT may decrease the brightness of the polymer 

nanoparticles in comparison to Pdots, it has other photophysical benefits.  We have 

discussed previously the formation of PFBT Pdots, which contained 80% PFBT and 

exhibited a quantum yield of 0.3.1, 2 In contrast, these polymer nanoparticles were found 

to have a quantum yield of 0.75 (Figure 3.3), which was even greater than the quantum 

yield of PFBT in THF solution.  The high quantum yield was likely caused by the 

minimization of quenching by interchain aggregation 15,16 as well as reduced quenching 

of photoluminescence by oxygen17 due to the presence of a polymer shell protecting the 

hydrophobic fluorescent polymer from the aqueous environment. The polymer 

nanoparticles were quite photostable, and their brightness was nearly identical to 

quantum dots when excited with 488-nm light (Figures 3.4 and 3.5). Also, these low mass 

ratio polymer nanoparticles had a high intensity dependence on the polarization of 

incident light. 
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No. 
 Counts 439 - 

460(nm) Counts 483 - 868(nm) QuantumYield 
Blank 2.81×107 --- --- 
PFBT 

Nanoparticles 2.61×107 1.52×106 0.75 
Figure 3.3. Quantum yield of polymer nanoparticles. 
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Figure 3.4.  Intensity time 
trace of a single polymer 
nanoparticle and a single 
quantum dot. This PFBT 
nanoparticle was bound to a 
stationary microtubule and 
shows little blinking and a 
single photobleaching event.  
The nanoparticles used did 
show intermittent blinking 
when passively adsorbed to a 
glass coverslip, but this 
blinking was almost entirely 
extinguished when 
bioconjugated nanoparticles 
were bound to microtubules.  
The reason for this is not 
entirely clear.  Although the 
brightness of this PFBT 
nanoparticle was higher than 
the quantum dot, single-
particle brightness 
measurements show that they 
have comparable average 
brightness. 
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Polarization sensitivity.  The polymer nanoparticles showed a large intensity 

dependence on the polarization of light used for excitation. To demonstrate this, we used 

an optical setup with linearly polarized excitation. By using carefully positioned 

polarizers and λ/2 waveplates, we achieved I||:I٣ excitation polarization ratio of intensities 

of 100:1, measured after the objective. This polarized light selectively excites 

chromophores that have absorption dipoles aligned with the light; when the 

chromophores are confined to a specific orientation, the emitted light can also be 

polarized. 18 The emitted light was separated into its orthogonally polarized components, 

and the components were imaged onto an EMCCD camera. Information on the 

orientation changes of the polymer nanoparticles could be deduced from the change in 

intensity of the polarized components of the emitted light. The setup used for separating 

the emission into its orthogonal polarizations has been described previously. 19   
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Figure 3.5.  Single 
particle brightness 
histogram comparing 
polymer nanoparticles 
and Qdot 525.  Mean 
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nanoparticles and 525 
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dots, respectively. 



53 
 

53 

   

The fluorescence intensity dependence upon light polarization was monitored by 

two separate methods (Figure 3.6).   In both methods, polymer nanoparticles were 

adsorbed to the surface of a cleaned, APTES-coated glass channel; then the channel was 

filled with Milli-Q water.  In the first method, the excitation polarization remained fixed 

while the polymer nanoparticle sample was rotated manually using a rotation stage.  The 

resulting anti-correlated intensity maxima and minima for the orthogonally polarized 

emitted light are shown in Figure 3.6B. The intensity of emission measured in I|| and I٣ 

channels as the stage rotated was not always anti-correlated; the relationship of the 

intensities of the two channels depended on the orientation at which the polymer 

nanoparticle adsorbed to the coverslip. The orientation of the emission dipole of each 

polymer nanoparticle was random, so the curves for I|| and I٣ could be correlated as in 

Figure 3.6C, anti-correlated, or in between correlated and anti-correlated. Although the 

maxima and minima were present, practical issues resulting from manual repositioning of 

the rotation stage somewhat distorted the curves. In the second method, a λ/2 waveplate 

placed in a rotating mount in the excitation path was moved while the sample remained 

stationary.  The intensity of emitted light from a single polymer nanoparticle for I|| and I٣ 

is shown in Figure 3.6C. The emission from the polymer nanoparticle resembled what 

would be observed for a single, stationary fluorophore. 
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Figure 3.6. Polarization of individual polymer nanoparticles.  (A) Schematic showing the 
microscope stage and polymer nanoparticles in a channel.  The polarization excitation 
was changed by rotation of a λ/2 plate or the stage was rotated with constant polarization.  
(B) The plot  shows the emitted light of a single polymer nanoparticle, separated into two 
channels of orthogonal polarization.  The orientation of the polymer nanoparticle was 
changed with respect to excitation polarization by rotating the stage while the excitation 
polarization was held constant.  The emission shows a strong dependence upon the 
orientation of the single polymer nanoparticle.  Inset are images taken of a single 
nanoparticle upon stage rotation captured by the I|| channel.  (C) The plot shows the 
emitted light of a single polymer nanoparticle as the excitation polarization was rotated.  
The correlated intensity change in orthogonally polarized emission channels was what 
would be expected from a single emitting chromophore. 
  

Figure 3.7A is a cartoon depicting EET within the polymer nanoparticle. The 

PFBT polymer absorbed photons aligned with its absorption dipole and the absorbed 

energy was quickly transferred to the lowest energy point on the chain.  The 

chromophore that ultimately emitted a photon may or may not have had its dipole 

moment aligned with the absorption dipole.  This means that for individual fluorescent 
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nanoparticles, the absorption and emission of the PFBT polymer can give information on 

changes in nanoparticle orientation. However, due to energy transfer, the excitation and 

emission polarizations may be random with respect to each other.  Figure 3.7B is an 

overlay of the time-resolved anisotropy decay and the fluorescence lifetime decay of 

polymer nanoparticles in bulk aqueous solution. The high initial anisotropy of 0.36 may 

be due to emission from the initially excited chromophore, which was aligned with the 

polarized light and would be expected to be highly anisotropic.  The subsequent decrease 

in bulk anisotropy would be caused by excitation energy transfer to a chromophore with a 

different emission dipole moment and no memory of the excitation polarization. 

Integration under the anisotropic decay curve revealed that 94% of photons were emitted 

after the lifetime of the anisotropic decay; presumably, a large majority of photons were 

emitted after excited energy transfer. Based on a hydrodynamic diameter of 12.07 nm, we 

estimated using the Perrin equation that the rotational correlation time of the polymer 

nanoparticles was 200 nanoseconds.  The anisotropic decay lifetime of the polymer 

nanoparticles measured in bulk aqueous solution was 170 picoseconds, three orders of 

magnitude faster than the rotational correlation time and consistent with the timescale of 

EET. 
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Figure 3.7. Energy transfer in polymer nanoparticles.  The fluorescent PFBT polymer is 
held within the hydrophobic core of the polymer nanoparticle.  Upon excitation with 
polarized light (A) intramolecular exciton transfer quickly directs fluorescence to 
chromophores within the polymer where fluorescent emission is favored, most likely due 
to a discontinuity in the polymer chain.  In (B) a time-resolved fluorescence anisotropy 
decay (purple) is overlaid with the fluorescence lifetime decay of PFBT nanoparticles, 
showing that emission depolarization occurs more quickly than fluorescence decay.  
Depolarization also occurs much faster than the calculated rotational correlation time of a 
10-nm-diameter particle in water.  Although the emission is polarized, the direction of 
polarized emission is independent of excitation polarization and different for each 
nanoparticle. 
 

Semiconducting polymer nanoparticles as detectors of microtubule 

orientation. The small size, optical stability, chemical flexibility, and polarization 

sensitivity of the polymer nanoparticles makes them good candidates for probes to detect 

orientation changes in proteins.  Eukaryotic microtubules inside cells usually each 

contain 13 protofilaments comprised of repeating units of α and β tubulin; microtubules 

polymerized in vitro have been shown to consist of varying numbers of protofilaments.  

Variation away from 13 protofilaments per microtubule can create a periodic twist in the 

cylinder of the microtubule. 23–25   The motor protein kinesin precesses along the 

protofilaments axis in the microtubule, following along with any potential periodic twist 
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in the microtubule axis.  In a microtubule gliding assay, we passively adsorbed kinesin 

onto a glass surface to drive microtubules labeled with polymer nanoparticles through a 

channel.  As the microtubules were directed by kinesin, the periodicity of the microtubule 

twist could be visualized using fluorescence microscopy (Figure 3.8A).  

The heavy chain of kinesin is approximately 70 nm long and the gliding assay 

was not inhibited by the presence of the 12-nm-diameter polymer nanoparticles. The 

periodicity  of the microtubule twists was measured in this gliding assay using two 

different kinesin proteins: one fruit fly kinesin with a precession rate of 0.8 μm/s and  E. 

coli kinesin with a precession rate of 1.2 μm/s. We measured the rate of precession of 

polymer-nanoparticle-labeled microtubules and microtubules containing fluorescent 

tubulin protein.  The rates were the same for the fluorescently labeled and polymer-

nanoparticle-labeled microtubules. The polymer nanoparticles did not appear to inhibit 

kinesin function.  The histogram of the measured microtubule twist lengths are shown in 

Figure 3.8B, and the measured distributions in twist length remained consistent between 

the slower fruit fly and faster E. coli kinesin proteins.  The twists were determined by the 

distance between local intensity maxima of polymer nanoparticle emission, and were not 

counted unless at least two consecutive periods of the same length were recorded 

between three local intensity maxima.  Also, local intensity maxima and minima had to 

vary by at least 50%, representing a change in nanoparticle absorption/emission dipole 

orientation of approximately 0.75 radians over the course of the rotation. The observed 

numbers of rotating microtubules bound to fruit fly and E. coli kinesins were 131 and 62, 

respectively.  Along with polymer nanoparticles that periodically showed bright and dark 
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emission, a significant number of nanoparticles showed continuous emission while bound 

to precessing microtubules.  This could be due to the observation of microtubules made 

of 13 protofilaments which did not have a twist or the absorption/emission dipole of the 

nanoparticle aligned with the microtubule. The latter case was considered unlikely, as 

often times several polymer nanoparticles labeled a single microtubule and each 

microtubule with multiple labels either exhibited periodic or constant emission from all 

bound nanoparticles.  We observed 171 nonrotating microtubules bound to the fruit fly 

kinesin and 69 nonrotating microtubules bound to E. coli kinesin. Figure 3.8C is a trace 

of a microtubule labeled with a single polymer nanoparticle, showing alternating bright 

and dark spots as the microtubule rotates.  

The microtubules were polymerized with 10% biotinylated tubulin, which 

allowed strong binding between streptavidin-functionalized polymer nanoparticles and 

the microtubules.  Because of the high density of biotinylated tubulin and the size of the 

polymer nanoparticles and tubulin units, it was likely that each polymer nanoparticle was 

bound to the microtubule by more than one biotin/streptavidin linkage. Virtually no fast, 

sporadic intensity fluctuations were visible that would be evidence for single 

biotin/streptavidin linkages or “the propeller effect” of polymer nanoparticles with 

flexible attachments to microtubules.     
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Figure 3.8. Polarization sensitive polymer nanoparticles used to detect microtubule 
rotation.  (A) scheme showing a gliding microtubule moved by kinesin bound to a glass 
substrate.  The polymer nanoparticles link to biotinylated tubulin within the microtubule. 
(B) measured microtubule periods of rotation when the microtubules are transported by 
two different forms of kinesin.  There were 62 microtubules measured using E. coli 
kinesin and 131 measured using Drosophilia kinesin along with 64 and 148 nonrotating 
microtubules, respectively.  (C) track of a single microtubule with a single bound 
polymer nanoparticle (open circles) show local intensity maxima while dashed circles 
indicate the location of local intensity minima.    
 
3.4 CONCLUSION  

We have made small semiconducting polymer nanoparticles with a low mass ratio 

of fluorescent polymer that have a strong sensitivity to polarization. EET from the 

chromophore that absorbs light to the energy minima of the chain was responsible for the 

high degree of emission polarization. This interchain energy transfer was highly efficient 

for two main reasons: First, the fluorescent polymer was a relatively short chain 

containing on average 20 monomers and made up a small mass percentage of the polymer 

nanoparticle, so the remaining polymer shell protected the excitation energy from FRET 

or quenching by oxygen.  Second, the short chain length reduced the chances of multiple 
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excitations of chromophores within a polymer and subsequent singlet-singlet 

annihilation.  We anticipate the bright and polarization sensitive probe described here 

will provide a useful tool for studying the rotational motions of biomolecules. 
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Chapter 4: Laser Selection Significantly Affects Cell 
Viability Following Single-Cell Nanosurgery 
 

4.1 INTRODUCTION 

Lasers have long been used as tools for the manipulation of single cells.  A laser 

with a Gaussian intensity profile, for example, will form a single-beam gradient trap (or 

optical tweezer) when focused through a high numerical aperture objective (1); optical 

tweezers have been used extensively for the manipulation of single cells, organelles, and 

micro/nanoparticles.   Any cellular structure that is resolvable by light microscopy can be 

altered by laser ablation, allowing for improved spatial and temporal resolution over 

previous methods like micromanipulation (e.g. with micropipettes or microneedles) for 

altering cellular compositions.  Optical manipulation also offers other benefits such as: 

high throughput, high reproducibility, and no direct physical contact with the cells which 

allows for a sterile environment.  Laser ablation can cause disruption of the cell’s 

cytoskeleton or organelles (2), facilitate in vitro fertilization by weakening of the 

oocyte’s zona pellucida (3), ablation of plant cell walls for transfection (4), or to assist in 

patch clamping (5).  Cellular membrane disruption also allows optical trapping of sub-

cellular compartments for removal from the cell (6), or transient cell permeabilization for 

introduction of exogenous molecules into the cell (7-9).  Visualization and surgery of 

subcellular components can be improved by the addition of photosensitizing dyes or GFP 

tagging (10).  Addition of material can take place via plasma-mediated or mechanical 

delivery to multiple cells (11-13), or transient membrane disruption of a single cell (14-



63 
 

63 

17).  Laser surgery has also been used on a larger scale for a variety of medical 

procedures or lysis of entire cells for single-cell characterization (18), the study of insect 

embryonic development (19), or for ablating single synapses to modify neural networks 

in C. elegans (20). 

In the past years, we have been working to develop and apply optical techniques 

for single-cell nanosurgery, in which subcellular structures either are removed or 

introduced into a living mammalian cell in culture (6, 20, 21).  In this procedure, a small 

portion of the cell membrane is disrupted; this disruption can occur via a variety of 

different laser-membrane interaction mechanisms that are determined primarily by the 

irradiance within the focal volume (22). The laser-membrane interaction can occur over a 

wide range of timescales and use a variety of lasers from fs to cw.  The mechanism of 

optical disruption has been well studied in the literature (23-25), and can occur due to 

photothermal interaction, photoablation, or plasma-induced ablation (22).  Photoablation 

occurs when absorption of a single photon by an electron promotes the electron from a 

bonding to a non-bonding orbital, resulting in dissociation of the molecule.  

Photoablation also results in a mechanical pressure wave radiating from the focal volume, 

a mechanism also known as cavitation.  Plasma-induced ablation is due to a multi-photon 

absorption process resulting in quasi-free electrons and ionization within the focal 

volume (23).  Like photoablation, plasma-induced ablation may also lead to formation of 

a cavitation bubble. Plasma-induced ablation is also associated with plasma formation, 

which can minimize excess damage in nearby tissues (26).  These different mechanisms 

of laser-cell interaction can lead to significantly different outcomes for the targeted cell.  
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The critical factors that determine which of these mechanisms dominate in membrane 

disruption are the duration of the laser pulse and its irradiance.  Although there is a large 

body of literature that discusses the relationship between pulse duration and ablative 

mechanism, there are few functional studies on single-cell viability post laser ablation 

(21).  Here, we compare the effect of a nanosecond laser pulse (at 337nm) and 

femtosecond laser pulses (at 770nm) on single-cell viability post membrane disruption.  

In single-cell nanosurgery, we first optically trap – either with optical tweezer 

(21) or with polarization-shaped optical vortex trap (6)  – the sub-cellular organelle of 

interest, and then ablate a small opening (~ 1µm) in the membrane so we can remove the 

organelle from the cell.  In this paper, we focus on the effect of membrane disruption on 

cell viability because our previous study established that cell viability in this procedure is 

not affected by organelle removal or irradiation by optical tweezers but due to the 

disruption of the plasma membrane (21).  In this previous study, cellular damage was 

shown to lead quickly to either recovery or necrosis, and that cells would go through a 

period where they exhibited morphological stress responses like membrane blebbing 

before recovering.  This prior study, however, only monitored cell viability post-surgery 

over a short timescale (4 hrs), while cell apoptosis has been known to occur over a longer 

timescale (27, 28).  In our current study, we have followed the effect of membrane 

disruption on single cells over a 12 hour period using a combination of live/dead stain, 

apoptosis assay, and morphological observations, and compare the effect of one-photon 

(nanosecond UV pulse) and two-photon (femtosecond near IR pulses) membrane 

disruption of cell viability and apoptosis.  In total, we have followed over 700 cells and 
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determined that a significant fraction of cells undergo apoptosis and that 2-photon 

membrane disruption offers the best result in enhancing cell viability. 

 

4.2 EXPERIMENTAL  

Cell Culture. NG108-15 cells (ATCC) were cultured in 75 cm2 culture flasks in an 

incubator kept at 37 °C with 5% atmospheric CO2.  Cells were grown in DMEM (Gibco 

#11965) with 8% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin (Gibco).  

Cells were split into home-made poly-(dimethylsiloxane) (PDMS) wells bonded to a 

photoetched glass coverslip (Bellco Glass) by bringing the pieces together after oxidation in 

oxygen plasma for 1 minute.  Cells were split into the PDMS wells 24 hours before surgery 

and the surgery was conducted in the cell’s native media.  All surgery was conducted and all 

images were taken of cells that had been split into the PDMS wells.  Cells were split at a low 

density to aid in identification during surgery and subsequent observation. 

Cell Surgery.  Two home-built optical setups were used for the cell surgery 

procedures.  The schematic shown in figure 1 is a combination of the two optical setups 

which were on separate tables.  The schematics were combined to economize figure 

space.  The 1 Photon setup can be described as follows: a pulsed 337nm N2 laser with a 

3ns pulse width (Laser Sciences Inc.) was spatially filtered using an aspheric lens pair 

and a 100 µm pinhole to improve beam profile.  Pulse duration is reported as the full 

width at half maximum intensity.  The intensity of the pulsed laser was modulated using a 

neutral density filter.  The beam was passed into a TE300 microscope (Nikon 

Instruments) with a 100 1.3 NA Super Fluor objective (Nikon Instruments) with 



66 
 

66 

improved UV transmission.  Laser power was 750 nJ per pulse before the objective with 

10% pulse-to-pulse variability and ~30% objective transmission at 337 nm.  The focal 

spot size of the laser was determined by measuring the area of ablation of a thin layer of 

PMMA spin-coated onto a glass coverslip.  Spot size for the UV laser was ~1.3 µm in 

diameter.  The power level was chosen by finding the minimum pulse power necessary to 

disrupt the NG108 cellular membrane 50% of the time.        

For the 2-photon surgery, a Ti:Sapphire tuned to 770 nm with a 110 fs pulse width 

and 80 MHz pulse frequency (Newport Tsunami) was directed through a neutral density 

filter (Thorlabs Inc.) and a 5 ms mechanical shutter (Uniblitz) with a home-built 

controller.  The beam was passed into a TE2000 inverted microscope (Nikon 

Instruments) with a 100 1.3 NA Super Fluor objective.  Laser power was 0.150 W 

before the objective and the spot size was ~1.3 µm in diameter, measured by the same 

technique described above.  The focal spot size of the Ti:Sapphire laser was increased to 

more closely resemble the spot size of the UV laser.  The primary descriptive 

characteristics of the two lasers are shown in the table inset in figure 4.1. 
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Figure 4.1. Schematic depicting the optical setup used for 1-photon and 2-photon 
membrane disruption and subsequent cell observations.  For 1-photon surgery, a 100 µm 
pinhole was used to spatially filter laser pulses and to improve beam profile.  For 2-
photon cell surgery, a second lens pair was added to adjust the size of the beam and to 
match the focal spot size to the spot size of the 1-photon laser.  The 1 photon and 2 
photon treatments were done on different optical tables, but the two laser schematics have 
been combined to economize space.  L=lens, LP= lens pair, D=dichroic, M=mirror, 
ND=neutral density filter, P=pinhole, S=shutter.  Inset: table listing the primary 
characteristics of consideration between the two lasers.  

 

Cell Viability. For the time-sequenced cell viability assay, ethidium homodimer 

(Invitrogen) and calcein AM (Invitrogen) were used to assay cell viability over the course 

of 12 hours.  The cells were stained with 4 µM calcein AM and 2 µM ethidium 

homodimer every hour for 12 hours.  After each assay the cells were rinsed and returned 

to their native media.     
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Cell viability and apoptosis was monitored by a combination of fluorogenic dyes 

ethidium homodimer, MitoTracker Red, and the fluorescently labeled antibody Annexin 

V Alexa88 (Invitrogen).  Cells were stained 11.25 hours after surgery with 200 nM 

MitoTracker Red and 2 µM ethidium homodimer and incubated for 30 minutes; they 

were rinsed and then stained with Annexin V Alexa488 for 15 minutes.  Cells were 

viewed using epifluorescent illumination in a TE300 inverted microscope, a 20 0.4 NA 

Plan objective (Nikon), and epi-illuminated by a 488nm sapphire laser (Coherent). Cells 

were imaged using a CCD camera (Cohu 4912).  Color images were taken using DIC 

with de Sénarmont compensator and a color SLR CCD camera (Olympus E-300). 

 

4.3 RESULTS AND DISCUSSION 

Choice of cell line.  We have shown in our previous study that cell viability post-

surgery is widely variable depending on the cell line (21). In this prior work, we used a single 

3ns pulse at 337nm for membrane disruption and a 1064nm YAG laser for optical trapping 

and removal of subcellular organelles.  Of the three cell lines we studied (CHO: Chinese 

Hamster Ovary cells; NG108: a neuroblastoma fused with glioma cell line; ESD3: murine 

embryonic stem cells), we observed their 4-hrs post-surgery viability varied from ~80% 

(CHO), to ~30% (NG108), and ~10% (ESD3).  The largest effect on cell viability was shown 

to be due to membrane disruption by the UV laser.  To form a useful comparison between the 

one-photon disruption with 337nm nanosecond laser and the two-photon disruption with 

770nm femtosecond laser, we decided the NG108 cells would offer the most information: if 

two-photon offers better cell viability than the one-photon process, we might not see the 
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improvement with CHO cells because of their already high viability at 80%; on the other 

hand, if two-photon offers less cell viability than one-photon disruption, then we might not 

see the decrease in cell viability with ES-D3 cells because of their already low viability at 

10%.    

Membrane disruption with nanosecond UV laser leads to apoptosis.  As 

mentioned above, previous characterizations of cell viability did not encompass a 

sufficient duration to observe surgery-induced apoptosis.  Figure 4.2 shows apoptosis 

induced in NG108 cells after single-pulse membrane disruption with the nanosecond UV 

laser.  Here, we compared cell viability over 12 hours between cells that have undergone 

surgery and those that have not (control).  All cells were stained with ethidium 

homodimer (ethidium) and calcein AM and then washed before counting the number of 

live and dead cells.  Ethidium and calcein AM are common live/dead stains.  When a cell 

is no longer viable its membrane becomes permeable to large molecules such as 

ethidium, which intercalates with the cell’s DNA and exhibits strongly orange 

fluorescence.  Calcein AM is a membrane permeable substrate that becomes fluorescent 

after it is cleaved by a cell’s esterases, thus causing the cytoplasm of viable cells to 

fluoresce green.  Therefore, cells were determined to be viable if they show green 

fluorescence in the cytoplasm and dead if they exhibit orange fluorescence in the nucleus.    

Figure 4.2A shows a flowchart that summarizes our procedure, in which we used 

ethidium and calcein AM to check the viability of both control cells and cells that 

underwent surgery every hour for 12 hours.  
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Figure 4.2B shows our results, in which the difference in survival rates between hours 1 

and 12 of the two groups (control versus post-surgery cells) is clear. Between surgery and 

hour 1, 39% of the NG108 cells survived after their membranes had been disrupted 

compared to 95% survival in the control group.  We attribute cell death between 0 and 1 

hour mostly to cell necrosis.  Between hours 1 and 12, of the 39% post-surgery cells that 

survived after hour 1, only 39% of the remaining cells survived to hour 12.  In contrast, 

of the 95% control cells that are alive after hour 1, 80% of the remaining cells are still 

viable at hour 12.  Overall, 16% of the UV laser treated group was viable after 12 hours 

compared to 76% in the control.  The right side of figure 2B summarizes the percent of 

cells that died between hours 1 and 12, which we attribute to apoptosis.  The ratio of cells 

that died from hours 1 to 12 between of laser disrupted cells to control cells is ~3:1. This 

result suggests laser ablation of cell membrane affects not only short-term cell viability 

but also can lead to apoptotic cell death later.  
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Figure 4.2. (a) A flow chart summarizing the procedure we used to monitor cell viability 
over 12 hours with live/dead stains (ethidium and calcein AM).  (b) A histogram showing 
the viability of NG108 control cells and cells that underwent surgery.  Each bar gives the 
number of cells alive at the given time.  The data points labeled “% Apoptotic Cells” 
shows the percentage of cells that were viable after the first hour, but were not viable at 
hour 12, and thus are presumed to have undergone apoptosis.  Cells that were exposed to 
a UV pulse were much more likely to undergo apoptosis (i.e. died between hours 1 and 
12) than the control group.  The error bars represent the 95% confidence intervals. 
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Morphological effects of cell surgery.  In addition to fluorescent live/dead 

stains, the morphology of cells also provides valuable information in determining 

necrotic and apoptotic cells.  Non-viable cells often develop large membrane blebs, lose 

adherence to the surface, develop granular appearance of cytoplasm, have condensation 

of the nucleus, and conform to a more spherical shape.  In figure 4.3, one cell was viewed 

for 30 minutes (a1-a8) after it underwent surgery (a1); here, the cell increased in 

granularity (a2-a8) and formed a large membrane bleb and died (a5-a8).  Another cell 

was viewed after surgery for a period of 12 hours (b1-b12); this cell formed blebs (b3-

b5), then recovered (b6-b11), but ultimately underwent apoptosis (b12). It is important to 

note that although the cell appeared healthy and recovered after 10 minutes, cell 

apoptosis was verified visually after 12 hours. 
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Figure 4.3.  Monitoring of morphological changes after membrane disruption with a 
single nanosecond UV laser pulse.  Panels a1-a8 follow an NG108 cell as it was ablated 
(a1), formed a large bleb and died (a3-a8).  Panels b1-b12 follow an NG108 cell as it was 
ablated (b1), formed blebs (b3-b5), and recovered (b6-b11) before the cell ultimately 
underwent apoptosis (b12).  Arrows in panels a1 and b1 show sites of UV irradiation.  A 
cavitation bubble is visible in panel a1.  Cells were kept at 37 °C in an integrated 
incubator on the microscope for long-term observation. 
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Apoptosis assay.  Given the presence of apoptosis, in our comparison between 

one-photon and two-photon membrane disruption, we chose to monitor the cells after 12 

hours using three assays: MitoTracker Red, ethidium, and the fluorescent antibody 

conjugate Annexin V Alexa488.  MitoTracker Red was used to monitor mitochondrial 

membrane potential; it is strongly fluorescent in the membranes of mitochondria that are 

able to maintain a potential gradient and fluorescence decreases sharply as mitochondria 

lose function and are unable to maintain a potential gradient. Annexin V Alexa488 

(AVA488) is a membrane impermeable antibody conjugated to a fluorophore (Alexa488) 

that binds to phosphatidylserine (PS).  AVA488 can be used to detect apoptosis because 

PS is localized to the inner leaflet of the lipid bilayer of a healthy cell but becomes 

present on the outer leaflet and allows AVA488 to bind to it as the cell undergoes 

apoptosis.  It is quite beneficial to use AVA488 combined with MitoTracker Red because 

the two in conjunction can be used to visualize early stages of apoptosis before more 

obvious morphological changes become visible.   

Figure 4.4 shows the appearance of a healthy (a1-a2) and apoptotic (b1-b2) cell as 

visualized with these three assays.  Compared to the healthy cell in a2, the apoptotic cell 

in b2 shows increased granularity in the cytoplasm, decreased MitoTracker Red 

fluorescence, and visible fluorescence from both AVA488 and ethidium.  In all 

subsequent experiments using these three assays, the viability of each cell was only 

counted once at the end (~ 12 hours) of the experiment, which was done to maximize cell 

viability by limiting cell exposure to cytotoxic membrane stains and repeated rinsing.          
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Figure 4.4.  Apoptosis assay.  Panels a1 and a2 are images of the same healthy cell 
observed using DIC in a1 and then with epi-fluorescence in a2.  Panels b1 and b2 are 
images of a second cell undergoing apoptosis, also observed using DIC (b1) and epi-
fluorescence (b2).  In a2 the intense fluorescence from MitoTracker Red signifies that the 
mitochondria are able to maintain a potential gradient.  In panel b2, the cell is undergoing 
apoptosis: MitoTracker Red fluorescence is decreased, ethidium has penetrated the cell’s 
membrane and intercalated with the cell’s DNA, and Annexin V Alexa488 has bound to 
the cell’s membrane. 
 

 

Viability of cells after one- and two-photon membrane disruption.  We 

disrupted the membranes of over 600 cells and then monitored their viability after 12 

hours to better understand the effect of membrane disruption using one-photon versus 



76 
 

76 

two-photon ablation.  NG108 cells were treated with two different lasers, each at two 

different powers.  For each laser, we chose two power levels, one at which corresponded 

to a 50% Probability of Membrane Disruption (PMD), and another that corresponds to a 

90% PMD.  To determine whether the membrane was disrupted, we used single laser 

pulses (1 photon surgery) or pulse trains (2 photon surgery) and visually verified the 

formation of transient membrane holes.      

For the N2 laser the energy required was 800 nJ and 1.0 µJ for 50% and 90% PMD, 

respectively; here, we used a single pulse to ablate the membrane.  For the fs laser, we 

used a 5 ms train of pulses at 80 MHz and at powers of 150 mW and 190 mW for 50% 

and 90% PMD, respectively.  If a hole was not visible after one pulse or pulse train, the 

cell was excluded from further observation.  Again, the focal spot size for both lasers was 

~ 1.3 µm in diameter, and all powers were measured before the objective.  The viability 

of each cell was determined by observing cell morphology concurrently with the three 

assays shown in figure 4.4.   

Figure 4.5 is a histogram of cell survival that shows our results.  There is a large 

difference in cell viability between the control and UV-ablated cells after 12 hours, 

consistent with our previous findings[21].  The control group remained 80% viable after 12 

hours, while 36% of the cells disrupted by a UV pulse at both 50% and 90% PMD were 

viable after 12 hours.  The cells disrupted by the femtosecond pulse train were ~80% 

viable in both the 50% PMD and 90% PMD groups, which is identical, within error, to 

the viability rate of the control group.   
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Figure 4.5. Histogram showing overall cell viability after 12 hours for 50% and 90% 
Probability of Membrane Disruption (PMD).  The error bars represent 95% confidence 
interval.  
 
4.4 CONCLUSIONS 

The experiments presented here constitute a functional study of the end effect of 

laser ablation on cell viability.  Our biological results agree well with the physical studies 

on the mechanism of one-photon and two-photon ablation reported in the literature, 

which shows one-photon ablation usually results in the formation of larger cavitation 

bubbles that lead to more extensive damage than two-photon ablation.  From the results 

of our study, we can draw three conclusions: (1) Although most cell death occurs 

immediately (within 1 hr) after laser surgery, a significant portion of cells die because of 

laser-surgery induced apoptosis, (2) Two-photon ablation offers significant enhancements 

in cell viability compared with one-photon ablation and should be used whenever 

possible, and (3) The difference in energy required to increase PMD to 90% from 50% is 

not large enough to affect cell viability, thus power levels that correspond to >90% PMD 
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can be used in most cell-surgery experiments.  The drawback of two-photon ablation is 

the significant increase in cost of instrumentation, as femtosecond lasers currently are 

about an order of magnitude more expensive than nanosecond pulsed lasers.  

Nevertheless, this added cost might be worthwhile for applications that require high cell 

viability post laser surgery. 
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Chapter 5: Single-Cell Nanosurgery 

5.1 INTRODUCTION 

The effects of focused laser light on living bodies, ranging from single cells to 

entire organisms, have been thoroughly researched1-3.  At the scale of entire organisms, 

lasers have been used in neuroscience applications, like the ablation of individual 

synapses in Caenorhabditis elegans4,5, or in developmental biology with model 

organisms such as Drosophila melanogaster6 or zebrafish7.  Laser surgery is also 

particularly advantageous for single cell or sub-cellular studies because mammalian cells 

are highly heterogeneous and segregated into biologically relevant units8, such as 

organelles, which are comparable in size to the diffraction-limited focal spot of a laser.    

High numerical aperture (NA) objective lenses can focus laser light down to spots 

on the order of hundreds of nanometers, which provide excellent spatial resolution 

without the need to physically manipulate the sample.  When these diffraction-limited 

spots for spatially localized ablation are paired with a single-beam gradient optical trap, 

also known as optical tweezers, cell surgery can add exogenous material9 or remove 

organelles from individual cells1.  Optical tweezers are not limited to biological samples 

and can be used to trap any object with a higher refractive index than its surroundings, 

assuming it is of an appropriate size and the trapping laser has sufficient power.  A set-up 

with optical tweezers and an ablation laser is amenable to a wide array of complementary 

biophysical laboratory techniques, such as fluorescence microscopy, and they have 

generated great interest for some time10,11.   



81 
 

81 

Post-surgery, the cell may do one of three things: it may recover and remain a viable 

cell; it may undergo laser-induced necrosis, known as “opticution”; or it may undergo 

apoptosis over a period of many hours.  Our area of interest has been in the viability of 

different cell lines following cell surgery1 and the effect of different membrane disruption 

techniques on cell survival3.  The method described here explains how to monitor the 

long-term viability of a single cell after the removal of an organelle by laser nanosurgery. 

 

5.2 MATERIALS 

5.2.1 Polydimethylsiloxane (PDMS) wells used for cell surgery and staining 

1.    Sylgard elastomer kit (Dow Corning, Midland, MI) 

2.    Photoetched glass coverslips (Bellco, Vineland, NJ) 

3.    Scientific oven. 

4.    Plasma cleaner (Harrick Plasma, Ithica, NY) 

5.   Vacuum pump. 

6.    Vacuum chamber. 

5.2.2 Cell culture equipment and reagents 

1.     All cell types were grown in 75-cm2 culture flasks and stored in an incubator with 
5% CO2 atmosphere at 37 C.  

a. NG108-15 cells (ATCC, Manassas, VA) grown in Dulbecco’s modified 

Eagle’s medium (DMEM), supplemented with 8% fetal bovine serum, (FBS), 

and 1% penicillin ⁄ streptomycin. 

b. CHO-M1 cells (ATCC) grown in DMEM with 10% FBS and 1% 

penicillin/streptomycin. 
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c. ES-D3 (ATCC) grown in DMEM with 10% FBS and leukocyte inhibitory 

factor to prevent differentiation. 

2.     0.25% trypsin-EDTA solution. 

3.     PDMS wells for cell surgery 

4.     Milli-Q water. 

5.2.3 Optical Setup 

1.    Microscope: TE2000 microscope (Nikon, Mellville, NY) with epi-illumination port, 

camera port, turret for optical filter cubes, bright field light source and condenser. 

2.    Objective: 100× magnification 1.3 NA S Fluor oil immersion objective (Nikon, 

Mellville, NY). 

3.    Differential Interference Contrast (DIC) with de Sentamount optics for bright field 

imaging to improve contrast.  

4.    Video capture: CCD camera (Cohu, San Diego, CA)  

5.    Ablation laser: nanosecond pulse 337-nm N2 Ultraviolet laser (Laser Sciences, Inc., 

Franklin, MA)   

6.    Laser for optical tweezers: continuous wave (CW) Nd:YAG laser with a TEM00 

Gaussian beam profile (Spectra Physics, Mountain View, CA) 

7.     Laser power meter (Ophir Optronics, Jerusalem, Israel) 

8.    Assorted neutral density (ND) filters, dichroics, lenses, optical filters, mirrors, and 

optomechanics (Omega Optical, Burlington, VT, Thorlabs, Newton, NJ, and Chroma 

Tech Corp, Rockingham, VT) 

5.2.4 Cell Viability Assay 
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1.    2 μM ethidium homodimer. 

2.    200 nM MitoTracker Red (Invitrogen, Grand Island, NY) 

3.    Annexin V Alexa fluor 488 (Invitrogen, Grand Island, NY) 

4.    488-nm CW sapphire laser (Coherent, Santa Clara, CA) 

 

5.3 METHODS 

5.3.1 Making PDMS Wells 

1.    Mix the Sylgard elastomer kit base and catalyst thoroughly in a 10:1 ratio in a 

disposable cup; 100 grams of base and 10 grams of catalyst are enough to make ~12 

wells. 

2.    Place the un-cured silicone mixture in the vacuum chamber and pump air out of the 

chamber to remove air bubbles. 

3.    Pour the PDMS into a large petri dish.  We have found that placing evenly spaced 

glass vials with a diameter slightly smaller than the 1” photoetched coverslips make 

suitable molds to shape the PDMS as it cures.  To ensure that the vials do not move 

through the PDMS before it hardens, keep the vials in place using a petri dish lid 

with holes drilled such that the vials go through the holes and thus are held in place 

by the holes in the lid. 

4.    Bake at 60 C for at least 1 hour to cure.   

5.    Pull out the glass vials from the PDMS, remove the PDMS from the petri dish, and 

cut out the individual wells. 

6.    Expose PDMS and photoetched glass coverslips to oxygen plasma for 60 seconds. 
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7.    Seal the PDMS to the coverslip by bringing both together; apply light pressure to 

expunge any air pockets between the glass and PDMS. 

5.3.2 Membrane Disruption 

1.    Split cells into a PDMS well 24 h before surgery using the cell’s native media.  The 

cells should be split at a low density to aid in identification during surgery and 

subsequent observation (see Note 1).  Just prior to surgery, supplement the media in 

the PDMS well with ~25% Milli-Q water to induce cell swelling and help organelle 

extraction. 

2.    For the pulsed N2 laser to disrupt the membrane, use a beam expander or lens pair to 

collimate and expand the beam to fill the back aperture of the microscope objective.  

This will produce a sub-micron focal spot size.  We would recommend mounting at 

least one lens base on a rail to facilitate alignment of the focal spot in the axial 

direction. 

3.    Each laser pulse needs ~800 nJ of energy per pulse when measured before the 

objective.  Our particular laser has a 10% pulse-to-pulse variability in pulse energy 

at 2 Hz at a 3-ns duration, and the objective has a roughly 30% transmission 

efficiency. This power is sufficient to disrupt the plasma membrane of a NG-108 cell 

with a single pulse to allow organelle extraction 50% of the time.  Greater laser 

powers could lead to excessive cell damage and large cavitation bubbles; lower 

powers would have no visible effect.  We modulate the pulsed laser’s power using a 

neutral density filter and select the laser pulses using a shutter controlled by a 

transistor-transistor logic (TTL) switch. 
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4.    Laser pulses should target the cell’s plasma membrane to maximize membrane 

disruption and minimize cell damage (see Note 2).  Focusing on the coverslip leads 

to ablation of the coverslip and immediate cell lysis; focusing on the cell cytoplasm 

creates large cavitation bubbles and excessive cell damage.  Regardless of where the 

laser focus is directed, morphological changes will be evident for all cells following 

surgery. 

5.    If post-surgery cell viability is important and the cell line is particularly susceptible 

to death after surgery, a femtosecond near-IR pulse laser, instead of a nanosecond 

UV pulse laser, may improve cell viability.  The mechanism of membrane disruption 

greatly affects cell viability after surgery (3).  Membrane disruption by multi-photon 

absorption from a femtosecond laser produces a smaller focal volume, smaller 

cavitation bubbles, and other effects that help cell viability (2).  The drawbacks of 

using a femtosecond laser for surgery are added cost and complexity. 

5.3.3 Optical Trap Construction 

This section provides brief guidance on the construction of a simple, robust, single-

beam, gradient-force, three dimensional optical trap with commercially available 

components.  If more detail or explanation of optical alignment is needed, more 

comprehensive guides are available12.  With additional modification, trap position 

sensing13, vortex-shaped optical traps14, multiple traps15,16, force measurements17,18, and a 

myriad of other techniques are possible19 but are beyond the scope of this chapter.  

1.    An inverted microscope is a stable and flexible platform for optical trapping.  The 

back epifluorescence port is convenient for directing the trapping beam into the 
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objective.  Most research-grade inverted microscopes also come with a turret where 

multiple beamsplitter cubes may be installed, which makes it convenient to switch 

between cell surgery and epifluorescence imaging modes. It is possible to build a 

platform for optical trapping without a microscope, but this requires a high degree of 

expertise in microscopy.   

2.    The objective lens is probably the most critical element of the optical trapping setup.  

For stable trapping, a high NA objective lens is necessary to generate the tight focus 

(20), such as the Nikon S Fluor 1.3 NA 100× oil immersion objective lens.  

3.    CW lasers emitting in the NIR, like the Nd:YAG laser, are used for optical trapping 

because they produce sufficient power at a wavelength that is relatively transparent 

to cells.  Wavelengths shorter than ~700 nm are more readily absorbed by cells and 

should be avoided if possible because the high intensity in the focal volume results 

in excessive photodamage.  Also, the laser should have an M2 <1.1 and emit the 

TEM00 mode to produce a light gradient steep enough to form a stable optical trap.  

For the sake of safety, a shutter should be installed at the point immediately after the 

beam exits the laser (see Note 3). 

4.     Place a dichroic mirror in the microscope’s laser filter cube so that it will reflect IR 

and UV light but allow visible light to pass through.  After alignment of the IR laser, 

an emission filter used should also block back-reflected IR and UV light from the 

optical tweezers and the ablation laser (see Note 4).   

5.     The power of the trapping beam should be minimized, but still be great enough to 

stably trap the organelle of interest.  Most Nd:YAG lasers emit significantly more 
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power than is necessary. The power is best modulated by using a λ/2 waveplate 

installed in a rotating mount followed by a polarizing beamsplitter and a beam block 

that absorbs the excess laser power.   With this configuration, the laser’s power can 

be attenuated by rotating the waveplate.  Controlling the laser power by external 

means instead of adjusting the drive current of the laser improves the laser power 

stability.  

6.    After the power attenuator, insert a pair of lenses into the beam path that expand the 

beam to fill or slightly overfill the back aperture of the objective.  Beam expanders 

are commercially available for this purpose. 

7.    The most convenient way to steer the optical trap is by using a combination lens pair 

and a mirror to create a 4f system.  Mount the lens nearest the microscope on a x, y, 

z movable lens mount and arrange the lens pair so that each lens is the same distance 

from the central focal spot as its focal length.  The lenses closest to the objective can 

be used to fine-tune the alignment of the optical tweezers. The movement of the final 

lens along the optical axis can be used to adjust the height of the optical trap above 

the objective.  This adjustment will ensure that the plane of the optical trap and the 

image are parfocalized (see Note 5).  The mirror is installed in a kinematic mirror 

mount at the conjugate focal plane of the objective and can be used to steer the 

optical trap (figure 5.1).  
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Reprinted with permission from (1) 
Figure 5.1.  Schematic of optical set-up. The outputs of a pulsed-N2 laser (337 nm; 3-ns 
pulse width) and a CW Nd:YAG laser (1064 nm) were aligned collinearly and sent into 
the microscope. The two beams were directed into the objective (N.A.=1.3) by a dichroic 
mirror and focused onto the cell by the objective lens. The microscope was equipped with 
Nomarski optics but the components are omitted in the schematic for clarity. The pulsed 

N2 laser (~0.7 μJ) was used to ablate a small hole (~1–3 m) in the cell membrane and 
the YAG trapping laser (200 mW) was employed to extract a subcellular organelle (arrow 
pointing away from focal volume). To track individual cells post-surgery, we cultured 
cells in PDMS wells formed by sealing PDMS to photoetched coverslips (upper left 
inset). HWP=half wave plate, BS=polarizing beam splitter, BB=beam blocker, 
ND=neutral-density filter, M=mirror, L=lens. 

5.3.4 Organelle Trapping 

1.  Organelle trapping is performed using the optical tweezers described in the previous 

section.  For our set-up, a power of ~200 mW at the nosepiece of the microscope 

generates a sufficient gradient force to trap individual organelles.  The power 

transmitted through the microscope’s objective will vary depending on the % 
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transmission through the objective and whether or not the trapping beam is larger 

than the back aperture of the objective13.   

2.  Organelles near the spot of membrane disruption can be extracted from the cell after 

steering of the trapping beam (see Note 6).  Adding Milli-Q water to the media 

improves the ease of organelle extraction without significantly reducing cell viability, 

but a small amount of cytoplasm is still often extracted with the targeted organelle 

(figure 2).   The extracted organelles are often lysosomes or mitochondria. These 

organelles can be differentiated with the appropriate fluorescent stain.   

3.  We have observed that the high fluence of the IR laser leads to fast photobleaching of 

organelle stains and possible photo-damage to the organelle.  If the extracted 

organelle is intended for further analysis, such as single mitochondria capillary 

electrophoresis21, photobleaching and photo-damage to the organelle can be reduced 

by using an optical vortex trap (14) instead of the Gaussian optical trap described 

above. 
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Reprinted with permission from (1) 

Figure 5.2.  Organelle extraction in successful surgeries. An NG108-15 cell (a) before, (b) 
during and (c) after surgery; the arrows point to the organelle that was extracted. A similar 
sequence showing a CHO cell (d) before, (e) during and (f) after surgery. A small 
cavitation bubble is visible in (e); (f) shows the organelle (arrow) that was completely 
removed from the cell. An ES-D3 stem cell (g) before, (h) during and (i) after surgery. 
Scale bars=10 μm. 

5.3.5 Cell Viability Monitoring  

1.    After surgery, incubate the cells at regular intervals in pre-warmed media for 10 

minutes containing the viability reagents (see section 5.2.4).  The particular dyes are 

chosen to determine cell viability because (a) they can all be excited with a single 

488 nm laser, (b) their fluorescence is spatially and spectrally distinct so they are 

easily resolved, and (c) in addition to cell necrosis, they also suggest apoptosis prior 

to the morphological signs of apoptosis, which may take many hours to become 

apparent.  Ethidium homodimer is a membrane-impermeable dye that will brightly 
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stain the cell nucleus if the membrane loses integrity.  MitoTracker Red is a 

mitochondrial stain that will have a significant decrease in brightness if the 

mitochondria lose the ability to maintain a proton gradient across their membrane.  

Annexin V Alexa fluor 488 is a membrane-impermeable antibody that binds to 

phosphatidylserine, a phospholipid that can be found on the external leaflet of a 

cell’s lipid bilayer only during apoptosis.   

2.    After 10 minutes, remove the cells from the incubator and wash with fresh pre-

warmed media.  Cell viability can be determined by observing the fluorescent stains 

and cell morphology.  Some morphological indicators that a cell is dying, such as 

membrane blebs, a granular appearance in their cytoplasm, more spherical shape, 

and loss of adherence to the coverslip, can be viewed under bright field microscopy. 

3.    Cell apoptosis can be differentiated with bright field DIC and epifluorescence 

illumination.  The viable cell (a1, a2) has a normal morphology under bright field 

and displays bright orange fluorescence under epifluorescent illumination from the 

MitoTracker stain.  The cell undergoing apoptosis (b1, b2) has a more granular 

appearance under bright field. Under epifluorescence, it has decreased emission 

intensity from MitoTracker but a brightly fluorescent nucleus from the ethidium 

homodimer and a green fluorescent plasma membrane as Annexin V Alexa 488 

binds to the lipid bilayer.   
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5.4.  NOTES 

1.    Cells are known to migrate over time, a property dependent on the cell line.  If long-

term observation is necessary, be sure to either split the cells at a lower density or 

take images regularly to track cell movement.  Photoetched glass coverslips also 

help to track individual cells.  

2.    When performing cell surgery, watch the surgery with a CCD camera.  Do not use 

the microscope’s oculars.  IR light can leak through the microscope’s oculars so 

place a light blocker over them when appropriate to prevent accidental exposure. 

3.    Proper laser safety is crucial and should include the appropriate laser goggles, beam 

blocks, shut-off keys, IR laser display cards, and so on.  Safety measures are 

especially important in cell laser surgery because both the trapping and ablative 

lasers are outside the visible range and scattered light from either laser may be 

intense enough to cause eye damage.    

4.    Back reflection from optical tweezers can be intense enough to damage the camera 

so make sure its power is minimized during alignment and that the proper IR 

emission filter is in place. 

5.    The distance from the focal spot where an object is trapped by the optical tweezers 

can change with the object’s size and composition. Some tweaking of the trap’s focal 

spot may be necessary when trapping different samples to keep the objects in the 

same plane as the imaging plane.   

6.    If the emission filter blocks 100% of the back-reflected IR and UV light, then the 

trapping beam and ablation laser are invisible to the camera. Organelle extraction is 
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easier if you find a method for tracking the position of the trapping beam and the 

ablative pulsed laser so that they do not get lost between experiments or are steered 

outside the field of view of the camera.  There are many ways to track the beams 

depending on the application: It can be as complex as building a trapping positioning 

system or as simple as marking the laser beam focal points on the monitor with a 

dry-erase marker.   
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