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 Synaptic vesicles are subcellular organelles that are found in the synaptic bouton and are 

responsible for the propagation of signals between neurons.  Synaptic vesicles undergo a fast and 

tightly regulated cycle in which exocytosis to release neurotransmitters and endocytosis to 

recycle empty vesicles take place for efficient neuronal communication.  This dissertation reports 

the development and application of analytical techniques for the characterization of various 

physical properties of synaptic vesicles at the single vesicle/molecule level.  First, two 

complementary techniques, single-particle tracking and fluorescence correlation spectroscopy 

(FCS), for sizing nanoparticles in free solution by confinement within picoliter volume aqueous 

droplets will be described.  Single-particle tracking works well with bright particles that can be 

continuously illuminated and imaged and was used to size single fluorescent beads.  While FCS 

detects small intensity bursts from particles or molecules diffusing through the confocal probe 

volume, which works well with dim and rapidly diffusing particles or molecules, was used to 

size individual synaptic vesicles.   

 Next, a method to determine both the average number and variance of proteins in the few 

to tens of copies in isolated synaptic vesicles will be described.  Other currently available protein 

quantification techniques provide an average number but lack information on the intervesicler 



variability of protein number, and thus on the precision with which proteins are sorted to 

vesicles.  The technique we present entails labeling the synaptic vesicles with fluorescent 

primary-secondary antibody complexes, TIRF (total internal reflection fluorescence) microscopy 

imaging of the vesicles, digital image analysis, and deconvolution of the fluorescence intensity 

data.  With this technique, 7 major membrane proteins were quantified and we found that the 

proteins fell into 2 classes; proteins that were monodispersed and polydispersed number.  The 

use of photobleaching as an alternative to obtaining an accurate calibration intensity distribution 

from the sample directly will be discussed. 

 Finally, the initial steps towards the utilization of the exo- and endocytosis of synaptic 

vesicles to load nanoparticles as a means of probing the interior of the vesicles will be reported.  

We have developed a highly sensitive pH-sensing polymer dot, which we plan to use to probe 

the intravesicular pH of synaptic vesicles. 
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Chapter 1: Introduction to Synaptic Vesicles 

 

1.1 Synaptic Transmission and the Synaptic Vesicle Cycle 

 

 Synaptic vesicles, neurotransmitter-containing vesicles, are responsible for the 

propagation of signals between neurons through synaptic transmission.  Synaptic vesicles are 

subcellular organelles, 40 to 60nm in diameter,
1,2

  found in neurons localized near synapses in 

presynaptic terminals, or synaptic boutons.  During synaptic transmission (Figure 1-1), the 

arrival of an action potential in a presynaptic terminal triggers an influx of local Ca
2+

 through 

activation of voltage-dependent Ca
2+

 channels.  The localized increase of Ca
2+

 triggers 

exocytosis of synaptic vesicles located at the active zone opposite the synaptic cleft.  Fusion of 

synaptic vesicles with the synaptic membrane releases neurotransmitters into the synaptic cleft.  

The neurotransmitters diffuse across the synaptic cleft towards the dendritic spine and activate 

the postsynaptic receptors.
3
  The arrival of an action potential at a presynaptic terminal does not 

guarantee release of neurotransmitters through synaptic vesicle fusion.  Studies have shown that 

that only 10% - 20% of action potentials actually trigger a release.
4,5

  Both intracellular 

messengers and extracellular modulators contribute to the relationship between action potentials 

and neurotransmitter release. 

 When release occurs, exocytosis of the synaptic vesicle releasing neurotransmitters into 

the synaptic cleft takes place in under 1 msec.
6
  The synaptic vesicle cycle (SV cycle) primes 

synaptic vesicles for rapid exocytosis and recycles empty vesicles.  There are 4 main parts to the  
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Figure 1-1.  Basic steps in the process of synaptic transmission for glutamatergic synapses.
3
 

SV cycle: (1) docking, (2) priming, (3) fusion/exocytosis, and (4) endocytosis/recycling.  During 

the docking stage, synaptic vesicles filled with neurotransmitters translocate to the active zone 

and make initial contact with the synaptic membrane.  Docked vesicles make up what is known 

as the readily releasable pool.
7,8

  Synaptic vesicles that are simply docked to the membrane do 

not undergo Ca
2+

 triggered fusion
9
 suggesting a priming step.  During priming a partial fusion of 

the synaptic vesicle with the membrane may take place preparing the vesicle for exocytosis upon 

detection of a Ca
2+

 signal.
6
  Once primed, influx of Ca

2+
 from an action potential causes synaptic 

vesicles to undergo rapid exocytosis through partial or full fusion with the synaptic membrane. 

 After releasing neurotransmitters, synaptic vesicles endocytosis and recycling in 3 main 

purposed pathways (Figure 1-2): (1) kiss-and-stay, (2) kiss-and-run, and (3) clathrin-dependent 

endocytosis.  For synaptic vesicles undergoing both kiss-and-stay and kiss-and-run, 

neurotransmitters are released through a narrow pore formed by partial fusion of the vesicle with 

the synaptic membrane.
10

    Upon closer of the narrow pore, synaptic vesicles undergoing kiss-

and-stay remain docked during reacidification and neurotransmitter uptake allowing the vesicle  
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Figure 1-2.  Three proposed pathways for synaptic vesicle endocytosis and recycling.  First 

where the vesicle remains docked at the synaptic membrane surface during neurotransmission 

uptake.  The second pathway the vesicle detaches from the membrane but remain localized near 

the active zone.  Finally, vesicle formation during a clathrin dependent endocytosis after full 

fusion of vesicle with the membrane surface.
5
 

to remain in the ready releasable pool.  During kiss-and run, the empty synaptic vesicle releases 

from the membrane then reacidifies and refills with neurotransmitters while remaining localized 

near the active zone.
5,10

  The final pathway, clathrin-dependent endocytosis, occurs during the 
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recycling of synaptic vesicles that have fully fused with the synaptic membrane.  Recycling of 

vesicles from the synaptic membrane is important to prevent the expansion of the presynaptic 

bouton membrane.  Clathrin-dependent endocytosis involves the assembly of a complex 

structure, known as a coated pit, which concentrates surface proteins for internalization.
11

  

Vesicles resulting from clathrin-mediated endocytosis may bud directly from the synaptic 

membrane or during a bulk endocytosis from a large membrane infolding.
12

  The resulting 

vesicles directly reacidify and refill with neurotransmitters or first pass through an endosomal 

intermediate.
5
  The entire SV cycle takes approximately 1 min to recycle synaptic vesicles for 

continued synaptic transmission.
6
 

 There are hundreds of billions of neurons in the in the central nervous system alone and 

each neuron forms thousands of synapses.
13

  In turn each of these synapses are independently 

regulated to effectively control neuronal cell to cell communication.  It is important to develop 

sensitive quantitative techniques to elucidate the molecular events and physical properties of 

synaptic vesicles that regulate vesicle function in order to develop accurate and predictive 

models.  Many current studies focus on bulk techniques to probe the physical properties of 

synaptic vesicles.  This thesis will discuss the development and application of techniques for the 

analysis of synaptic vesicles on the single molecule/particle level which will be beneficial in 

future studies of these and other subcellular organelles.  Chapter 2 will describe the spatial 

confinements of single particles/synaptic vesicles in aqueous droplets for the measurement of the 

diffusion coefficient and size in free solution.  The development of a quantitative microscopy 

technique for quantifying proteins at the single vesicle level will be discussed in chapter 3 and 4.  
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Finally, chapter 5 will describe the steps towards loading nanoparticles into the lumen of 

synaptic vesicles in order to probe the intravesicular region. 
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Chapter 2: Sizing Subcellular Organelles and Nanoparticles Confined within 

Aqueous Droplets 

 

2.1 Introduction 

 

 Few methods exist currently to size single sub-diffraction-limited particles in free 

solution.  Scanning probe microscopies (e.g., atomic force microscopy) and electron 

microscopies require immobilization of the particle on a surface or in a matrix.  This requirement 

makes subsequent solution-phase analysis or transport difficult to perform.  Light scattering 

measurements can size particles in solution but lack sufficient sensitivity to size single or a small 

group of particles and typically require high concentrations of particles for accurate 

measurement.
1
  Correlation spectroscopy

2,3
 and particle tracking

4
 have the potential to size single 

particles in free solution, but currently it is difficult to achieve this feat because the particle can 

diffuse away from the interrogation region before its diffusion coefficient can be accurately 

measured, especially for small nanoparticles or macromolecules.  To address this issue, this 

chapter describes the use of single aqueous droplets to spatially confine single or a small group 

of nanoparticles so their diffusion coefficient and size can be measured.     

 Droplet microfluidics has emerged in recent years as an attractive platform for 

conducting small-scale chemistries and for parallel assays.
5-17

  For example, we have developed 

techniques for the selective encapsulation of single subcellular organelles into a single femtoliter 

- picoliter volume droplet,
7
 methods for the transport and fusion of two droplets to initiate a 

chemical reaction,
8,11

 and single-molecule capillary electrophoresis techniques to separate and 



8 

 

 

detect the contents of single droplets.
9,18

  Here, we describe the use of aqueous droplets to 

confine the diffusion of single or a small group of nanoparticles so their diffusion coefficient and 

thus hydrodynamic size can be measured.  We are particularly interested in the ability to size 

sub-diffraction-limited subcellular organelles prior to the analysis and quantification of their 

molecular contents.   

 This chapter describes two methods that offer complementary advantages for accurately 

measuring diameters of nanoscale particles in aqueous droplets.  The first method is based on 

imaging and particle tracking,
19-22

 where the diffusive trajectories of a droplet-confined particle 

are first imaged, then analyzed to extract the diffusion coefficient and size.  This method is easy 

to apply and can be adapted for the parallel tracking and measurement on particles confined in an 

array of droplets.  The second method is based on confocal correlation spectroscopy (CCS)
2,3

 and 

fluorescence correlation spectroscopy (FCS),
23-25

 which are capable of accurately sizing both 

fluorescent and nonfluorescent particles in small sample volumes.  FCS is particularly suited for 

measuring “dim” biological particles or ones that are easily photodamaged, because the confocal 

detection geometry illuminates only a small region of the droplet, and thus the particle is 

illuminated only for short periods of time (versus continuous excitation in particle tracking).  

 With either method, it is important to be aware of issues unique to confined volumes and 

droplets that may affect accurate diffusion measurements.  We categorize these potential issues 

into two categories: ones that are hydrodynamic in origin and those that arise from 

interfacial/surface interactions.  Once these variables are accounted for, it is a relatively simple 

process to size biological particles such as synaptic vesicles or polymer nanoparticles accurately 

in droplets.  In combination with recent advancements in droplet microfluidics, we anticipate 
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these sizing techniques will offer new ways to probe single nanoparticles and biological 

molecules in solution.   

 

2.2 Materials and Methods 

 

2.2.1 Materials   

AR20, AS4, Span 80, and poly(ethylene glycol) (av MW 8000 Da) were obtained from Sigma 

Aldrich (St. Louis, MO).  Light mineral oil was purchased from Fischer Scientific (Hampton, 

NH).  Sulfate-modified and amine-modified beads were 290nm and 200nm in diameter, 

respectively, and were acquired from Invitrogen Corporation (Carlsbad, CA). 

 

2.2.2 Synaptic Vesicle Preparation 

Synaptic vesicles were isolated from rat brains with a modified procedure from Hell et al.
26

  

Frozen rat brains (Pel-Freeze, Rogers, AR) were blended with liquid nitrogen until a fine powder 

formed and then suspended in 85 ml of homogenization buffer (2 mM EGTA, 50 mM HEPES, 

pH 7.2, 0.3 M sucrose).  A Teflon-glass homogenizer was used to homogenize the solution.  A 

synaptic vesicle rich supernatant was obtained by centrifuging the homogenate in an MLA-80 

rotor (Beckman Coulter, Fullerton, CA) at 100 000g for 28 min at 4 ºC.  The supernatant was 

suspended on a 1.5 M/0.6 M sucrose step gradient before centrifuging at 250 000g for 72 min at 

4ºC.  The isolated synaptic vesicles were collected from the 1.5 M/0.6 M sucrose interface then 

frozen and stored at -80ºC for up to 4 months. 
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Figure 2-1.  A) Schematic of the experimental setup used to excite and collect signals from 

particles encapsulated within microdroplets.  B) With fluorescence correlation spectroscopy, 

which used point detection with an avalanche photodiode (APD), the confocal probe volume 

was placed at the center of the water droplet to detect burst events from the contained particles, 

thus measuring the diffusion time and size of the particles.  C) For particle tracking, which used 

imaging with a sensitive CCD camera, each particle was tracked individually and the associated 

Δx and Δy values were recorded and used to calculate the diffusion time for each particle in the 

droplet. 

 

2.2.3 Droplet Preparation 

Droplets were generated by vigorously mixing 200 μL of a 10
-10

–10
-12

 M bead/synaptic vesicle 

aqueous solution with 800 μL of oil.  The vigorous mixing provided a relatively heterogeneous 

population of droplet sizes and number of particles contained within.  A pipet was used to 

transfer ~100 μL of oil/water mixture onto the glass substrate.  After ~3 min, all of the droplets 

settled and absorbed to the coverslip leaving a droplet container as shown in Figure 2-1 B.  To 

measure the diffusion of particles, we searched the substrate to find a suitable droplet containing 

1–5 particles for measurement.  To minimize any hydrodynamic biasing due to the small size of 
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a droplet, droplets used for measurement were typically greater than 10μm in diameter.  

Furthermore, we focused at a plane near the middle of the droplet so that surface effects would 

also be minimized. 

 

2.2.4 Experimental Setup for FCS and Particle Tracking 

Excitation and collection of the fluorescence from particles encapsulated in droplets was 

performed on a Nikon TE2000 microscope using a high numerical aperture objective (NA 1.45).  

A laser emitting at 488nm (Coherent Sapphire, Santa Clara, CA) or 633nm (Coherent HeNe 

laser, Santa Clara, CA) was split into two independent beams and recombined to provide both 

confocal and epifluorescence illumination.  Shutters were placed in front of either beam 

depending on which mode was being used.  For confocal, the beam was expanded to fill the back 

aperture and collimated before being directed off a dichroic mirror (Chroma Tech. Corp., 

Rockingham, VT), which was designed to reflect both 488nm and 633nm into the objective.  For 

epifluorescence, the beam was focused at the back aperture of the objective, so the beam exited 

at the object plane in a collimated form offering even illumination throughout the sample.  

Fluorescence from the encapsulated particles was collected using the same objective and filtered 

with the dichroic and band-pass filters (Chroma Tech. Corp., Rockingham, VT), which were 

specific whether 488nm or 633nm excitation light was employed, before the detectors to remove 

any excess laser radiation.  A rotating prism, stock in the microscope assembly, was used to 

select the mode of imaging.  For particle tracking, we used a highly sensitive CCD camera  
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Figure 2-2.  Two examples of the array of shell beads used to approximate the droplet wall for 

the diffusion-coefficient calculations.  (A) 3µm diameter spherical droplet.  (B)  hemispherical 

droplet with a 4µm diameter base (viewed from underneath).  For each shape and size of 

droplet, a series of calculations were performed using progressively more and smaller shell 

beads.  For the two examples in the figure, the array of shell beads with the smallest size is 

shown and 9 of the shell beads have been removed to show a 200nm diameter red particle near 

the center of the droplet.  The dark blue shell beads are positioned on a series of circles, which 

are located on the spherical portion of the droplet and separated by twice the radius of the shell 

beads.  For the hemisphere, the shell beads used to fill in the base (shown in light blue) are 

located on a series of concentric circles where the spacing was chosen to allow the use of shell 

beads approximately equal in size to those on the spherical portion of the droplet.  For the 

purposes of a friction-factor calculation, the open spaces between the shell beads are too small 

to allow a significant amount of leakage of the solution inside the droplet.  This was confirmed 

by calculating the friction factor of the entire droplet (as opposed to the sphere inside the 

droplet).  For the spherical droplets, where an analytical expression for the friction factor is 

available, the calculated friction factors for the array of shell beads agreed with the exact value 

of the friction factor to slightly better than 1%.  This should be a reasonable estimate of any 

error introduced into the calculations due to the fact that we could not use infinitely small (and 

infinitely many) shell beads. 

 (Cascade 512B, Roper Scientific, Tuscon, AZ).  For FCS, the fluorescence from the confocal 

probe volume was spatially filtered through a 50-µm pinhole and then focused onto an avalanche 

photodiode (AQR-14, Perkin-Elmer, CA), after which the signal was correlated using a Flex02-

12D multiple-tau autocorrelator from correlator.com (Bridgewater, NJ).  For particle tracking, 

the recorded trajectories were analyzed using the MetaMorph software from Molecular Devices 

(Sunnyvale, CA).     
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2.2.5 Simulations of Particle Diffusion in a Confined Volume 

The calculation of the friction factor of a bead inside a spherical droplet has been discussed 

previously.  Cunningham
27

 derived an expression for the special case of a bead at the center of 

the droplet.  Allison
28

 performed calculations similar to what is performed here for a small bead 

(4nm diameter) inside a small spherical vesicle (100nm diameter) using well-established 

procedures.
29,30

  In this work, as in Allison’s, the translational friction factor of a spherical bead 

inside a droplet is modeled by replacing the droplet interface by a rigid array of N spheres (shell 

beads) whose centers lie on the interface (Figure 2-2).  Including the sphere for the bead inside 

yields a set of N + 1 spheres.  The hydrodynamic properties of these spheres can be calculated 

using the procedures described by Garcia de la Torre and Bloomfiled
30

 and Allison.
28

  In 

particular, it is possible to calculate the force necessary to maintain the bead inside at a constant 

velocity while the shell beads are stationary, and from that to obtain the average friction factor, f, 

for the bead inside the droplet.  The diffusion factor of the bead, D, is related to the friction 

factor by 

 
kT

D
f

      (2-1) 

where k is Boltzmann’s constant and T is the temperature.  In general the friction factor for a 

bead inside of a droplet will be larger than the unperturbed friction factor, f0, for the same 

particle in bulk solution.  In bulk solution 

 0 3f d      (2-2) 

where  is the viscosity of the solution and d is the diameter of the spherical particle.  In this 

work, the hydrodynamic interactions are modeled using the Rotne-Prager tensor
31

 for 



14 

 

 

nonoverlapping spheres of different sizes as was done by Allison.
28

  Due to the increase in 

computing power since 1988, the approximations used by Allison to reduce the computer time 

required for the calculation were not necessary. 

 For each position of a bead inside a droplet, the calculation of the bead’s friction factor is 

performed several times using successively more and smaller shell beads to model the droplet 

surface.  For nearly all of the calculations, the friction factor converges in the sense that the 

difference between the values calculated using the smallest and next smallest shell bead sizes is 

less than 0.1%.  For the smallest spherical droplet the differences were all less than 0.5%.  In the 

results below, only the value calculated using the smallest sizes of shell beads to model the 

droplet interface are reported. 

 For each droplet it was necessary to calculate the coordinates of the N different shell 

beads used to model the droplet surface.  For the spherical droplets, the center of a single shell 

bead is placed at each of the two points where the droplet surface intersects the z-axis.  The 

coordinates of a series of circles on the surface of the droplet are then calculated.  The circles are 

positioned so that the closest distance between adjacent circles and the distance between the 

intersection of the droplet with the z-axis and the circle closest to it are all identical.  A radius for 

the shell beads is chosen that will fill in as much of the droplet surface as possible without 

allowing shell beads on adjacent circles to overlap.  The coordinates of the shell beads, evenly 

spaced on each circle, are calculated and the entire set of coordinates constitutes the array of 

spheres used to represent the droplet wall. The size of the droplet and the number of circles 

determine the size of the shell bead used. The calculation was repeated with 11, 19, 29, 39, and 

49 circles.  The number of shell beads used to represent the droplet was 124, 502, 1129, 2016, 
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and 3153, respectively.  Since the number of circles used is odd, one of the circles lies in the 

equator (xy-plane) of the droplet.  The coordinates of one more sphere, which represents the 

particle inside the droplet, are added to the set of coordinates, which is then used to calculate the 

friction factor of the particle inside the spherical droplet. 

 For the hemispherical droplet, the procedure is similar to that for the spherical droplet.  

For the curved portion of the surface, the procedure is the same as for the spherical droplet, 

except that only those shell beads whose z-coordinate is greater than or equal to zero are used.  

The base is formed by the circle of shell beads in the xy-plane (corresponding to the equator of 

the spherical droplet), a shell bead placed at the center of the base, and a set of concentric circles.  

The spacing between the concentric circles is chosen to allow the use of shell beads whose size is 

as close as possible to the ones in the curved wall of the droplet while still filling in as much as 

possible of the hemisphere's base (Figure 2-2 B).  The calculation was repeated using 5, 10, 15, 

20, 25, 28, and 30 circles on the curved surface of the hemisphere.  The corresponding numbers 

of concentric circles added to fill out the base of the hemispheres were 2, 5, 8, 10, 13, 16, and 18, 

respectively.  The total number of shell beads was 92, 370, 831, 1483, 2322, 2925, and 3408, 

respectively.  As before, these are the coordinates of the shell beads used to represent the droplet 

wall.  One more sphere, used to represent the particle inside the droplet, is added to the set of 

coordinates, which is then used to calculate the friction factor of the particle inside the 

hemispherical droplet. 

 

2.3 Results and Discussion 
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 We have explored two complementary methods for measuring the diffusion times of 

nanoparticles confined in an aqueous droplet.  The first method is to use single-particle tracking, 

and the second technique is based on CCS.
2,3 

 Single-particle tracking works well with large 

(e.g., >100nm) and bright particles, because these particles diffuse slowly, which facilitates 

tracking, and are less prone to photobleaching or photodamage as they are continuously 

illuminated during tracking.  The advantage of single-particle tracking is the ability to use 

imaging to sample most of the trajectories of the particle in the droplet as well as the ability to 

monitor many droplets simultaneously for parallel measurements.  Single-particle tracking, 

however, tends to work less well with small particles (e.g., <100nm) that diffuse rapidly or 

fragile particles that are easily photodamaged.  For these small and fragile particles, confocal or 

FCS is more suitable.  In fact, rapid diffusion of small particles facilitates correlation 

measurements because of the higher rate of sampling of the trajectories of the particle per unit 

time.   Furthermore, the sensitivity of confocal fluorescence measurements in free solution is 

orders of magnitude higher than epi-fluoresence imaging.  We have demonstrated these two 

approaches to sizing particles using fluorescence measurements, owing to the widespread use of 

fluorescence labeling in biological samples, but these approaches may be extended to 

nonfluorescent particles, such as with the use of backscattering
2
 or dark-field imaging for 

metallic particles.
32

  

 

2.3.1 Measuring Diffusion Coefficient in a Droplet with Single-Particle Tracking 

During particle tracking, the probability of the displacement, P(Δx), of a particle during 

Brownian motion is 
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and 

 tD 22      (2-4) 

where D is the diffusion coefficient and Δt is the time between frames.  The displacement of a 

particle was determined using one of two tracking algorithms, template matching or threshold.  

Both algorithms identify the particle in the current image by comparing it to a preceding image, 

typically the initial frame of the video.  The template-matching algorithm filters the current 

image using a convolution mask generated from the initial frame.  An object is defined as the 

particle if the peak intensity in the current convolved image is greater than a minimum 

percentage of the peak intensity in the initial frame.  The displacement, Δx and Δy, is the distance 

between the intensity maximum in the preceding convolved image and the intensity maximum in 

the current convolved image.  This algorithm is ideal for particles where the centroid is best 

represented by the brightest pixel in the image.  However, contamination, such as dust, causes 

image artifacts that can interfere with tracking when using this algorithm. 

 Alternatively, with the threshold algorithm a detected object is identified as the particle if 

the object’s size is greater than a defined percentage of the total size of the particle in the initial 

frame.  The displacement is then defined as the Δx and Δy from the center of the object in the 

preceding frame to the center of the object in the current frame.  This threshold algorithm is not 

easily affected by contamination as is the template-matching algorithm.  The major limitation to 

this algorithm is its inability to accurately determine the centroid of a particle that is not 

symmetric in appearance, but this limitation can be overcome.  After experimental investigation 
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of both algorithms, we found the threshold algorithm to be the most applicable to our system due 

to its tolerance for dust particles or other imperfections in our images.   

 With either tracking algorithm, the Δx and Δy obtained were binned into histograms and 

the probability was fit with eq 3.  We found the diffusion coefficient extracted from the 

probability-displacement curve is greatly affected by two factors: (1) the appearance of the 

particle in the image (particle symmetry), which affects the threshold tracking algorithm, and (2) 

the exposure time, frame rate, and lag time of the CCD camera used for imaging.   

 

2.3.1.1 Particle-Image Symmetry 

Over the exposure time, the particle is continually moving.  As a result, for longer exposure 

times and faster diffusing particles, the image of the particle will represent the entire path taken 

by the particle during the exposure time instead of an instant representation of the position of the 

particle.  The resulting image then becomes a nonresolved, asymmetric representation of the 

particle.  This problem can be addressed by increasing the viscosity of the aqueous solution or by 

decreasing the exposure time.  By increasing the viscosity with sucrose in our experiments, a 

reduced diffusion coefficient was observed.  The reduced diffusion coefficient minimized 

blurring of the particle over the exposure time.  This approach, however, increases the 

complexity of the experiment and can place undesirable constraints on the system under study.  

Decreasing the exposure time provided a sharper image and a better representation of the instant 

position of the particle in our experiments.  There are, however, two considerations when 

implementing this approach: (1) to ensure sufficient displacement of the particle between 

successive frames, a delay time between frames is usually needed; and (2) the use of an overly  
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Figure 2-3.  A) Single, 290nm-diameter fluorescent bead encapsulated within a hemispherical, 

water droplet (~20μm diameter). B) Particle tracking (gray lines) showed the diffusion path of 

the bead inside the droplet over 200 frames. For each displacement, the displacement 

corresponding to Δx (C) and Δy (D) were recorded, binned into histograms, and fit with 

equation 3 to determine the diffusion coefficient in each dimension. In this example, integration 

time for the camera was 100 msec, frame rate was 155 msec, and 800 images were acquired. 

short exposure time will decrease the signal integration time of a given CCD pixel and, thus, the 

sensitivity of detection.  Therefore, there is an optimal exposure time that both preserves 

detection sensitivity and minimizes blurring of the particle.  

 

2.3.1.2 Exposure Time and Frame Rate 

It has been shown that the measured diffusion of particles in a confined space will decrease as 

the exposure time increases.
33

  An analytical expression relating the exposure time and frame 

rate to the apparent diffusion coefficient was presented by Montiel et al.
4
  It was shown that the 

true diffusion coefficient could be approximated with 

 















frame

exposureapp

3

1
1

T

T

D

D
    (2-5) 



20 

 

 

 

Figure 2-4. Normalized fluorescence correlation curves of synaptic vesicles encapsulated 

within a droplet (solid dark grey) and in the bulk solution (dashed light grey).  Measured 

diameters of the synaptic vesicles in each sample agreed well within error (encapsulated, d = 60 

± 6nm and bulk, d = 61 ± 5nm). 

where Dapp is the apparent diffusion coefficient, Texposure is the exposure time, and Tframe is the 

frame rate.  By taking the above factors into consideration, we have measured the diffusion 

coefficient and the particle size for single 290nm diameter (from manufacturer) beads confined 

in aqueous droplets (Figure 2-3); at 21ºC with an exposure time of 100 ms, 155 ms frame rate, 

and 800 acquired frames, the average measured diffusion coefficient was 1.68 ± 0.55 μm
2
/s.  

This corresponds to an average bead diameter of ~272nm which compares well to the measured 

bulk diffusion coefficient of 1.69 ± 0.22 μm
2
/s at 22ºC, which is equivalent to ~279nm average 

diameter. 
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2.3.2 Accurate Sizing of Synaptic Vesicles in Droplets with Fluorescence Correlation 

 Spectroscopy. 

It has been hypothesized that the concentration of neurotransmitters contained within synaptic 

vesicles remains relatively constant and the sizes of synaptic vesicles vary depending on the 

number of contained neurotransmitters.
34

  Therefore, we are particularly interested in the ability 

to size synaptic vesicles in free solution, followed by quantification of the neurotransmitter 

contents of the vesicles.  Figure 2-4 shows the sizing of synaptic vesicles confined to an aqueous 

droplet with FCS; the measured size of synaptic vesicles in a droplet compares well with bulk 

measurements.  A number of factors can affect the ability of FCS to accurately measure the size 

of nanoparticles,
2,35-37

 which we have described and analyzed in a previous publication.
3
  In this 

experiment, we first coated the glass surface with 1 mg/mL solution of dried milk, which 

contained mostly casein protein to prevent adsorption of the synaptic vesicles to the glass 

surface.  The coating was highly hydrophilic and thus the water droplets wetted the surface much 

more than compared to unmodified glass substrate.  The shape of the droplet then became much 

more pancake like instead of the hemispherical shape exhibited on the unmodified surface.  This 

shape change, however, will not affect the diffusion coefficient of the synaptic vesicles within 

the droplet, as will be discussed later. 

 With the use of electron microscopy, the average diameter of synaptic vesicles is 

typically reported to be 40-50nm.
38

  In free solution, however, few examples exist that describe 

the hydrodynamic radius of these organelles.  With dynamic light scattering, the size of the 

synaptic vesicles is larger than that reported using electron microscopy and has been shown to be 

between 50 and 60nm in diameter.
39

  Here, we recorded with FCS the size of the synaptic 
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vesicles in unconfined, bulk solution and found a similar diameter of 61 ± 5nm.  The recorded 

diameter from vesicles within the droplet is 60 ± 6nm (Figure 2-4), which matches both the 

reported diameters from light scattering measurements and our FCS measurement on bulk 

samples.  With the convenient incorporation of droplets into separations on chip,
9
 the ability to 

size single particles is an important step toward determining concentrations within nanometer-

scale subcellular organelles.   

 

2.3.3 Factors That Affect Accurate Sizing in Droplets 

In comparison to bulk measurements in free solution, a number of factors unique to confined 

volumes can influence the ability to conduct accurate measurements of diffusion coefficients and 

sizing of nanoparticles.  We divide these factors into two groups: those that are hydrodynamic in 

origin and those caused by interfacial/surface interactions. 

 

2.3.3.1 Hydrodynamic Factors 

The accurate sizing of particles in droplets requires accounting for the hydrodynamic interactions 

between the particle and droplet wall.  The magnitude of the hydrodynamic interactions is a 

function of size of the particle and the droplet as well as the droplet’s shape.  As the particle 

moves inside the droplet, it creates a fluid flow field, or wake, around it.  The fluid flow field 

transfers momentum between the moving particle and the stationary droplet wall which increases 

the friction factor of the particle above what it would have been if the particle was in a dilute 

bulk solution.  To investigate this effect further, we performed calculations to investigate how  
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Figure 2-5.  f/f0 for a spherical bead inside of a droplet as a function of droplet shape, distance 

from the droplet center, and the actual and apparent bead diameters.  The unparenthesized tic 

labels on the Bead diameter axis are the actual bead diameters.  The numbers in parentheses are 

the apparent bead diameters which were calculated from the actual bead diameters using 

equation (6) and the value of f/f0 at the center of the droplet.  (A) f/f0 for a bead inside of a 3μm-

diameter spherical droplet.  (B) f/f0 for a bead inside of a hemispherical droplet whose base has 

a diameter of 4μm.  For the hemispherical droplet, the bead is always positioned 1μm above the 

hemisphere’s base, and the distance is the horizontal distance to the symmetry axis of the 

droplet. 

size and shape affected the measured diffusion coefficient of the particle within the droplet. 

Figure 2-5 shows a comparison between spherical and hemispherical droplets by plotting the 

ratio f/f0, where f is the calculated friction factor and f0 is the friction factor of the particle in bulk 

solution.  The relationship between the actual diameter of the particle and the value measured in 

the droplet (the apparent diameter) is 
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 Figure 2-5 shows the ratio (f/f0) as a function of position from the center of the droplet 

and particle size.  Similar surfaces calculated for larger droplets showed that as the droplet size 

was increased, the f/f0 surface flattened out and tended toward f/f0=1 as the droplet became large.  

The magnitude of hydrodynamic interactions increases as the distance between objects in fluids 

decreases.  Therefore, as expected, the ratio f/f0 increases as the bead moves closer to the droplet 

wall.  Furthermore, the effect of the hydrodynamic interactions increases as the size of the 

particle in the droplet increases.  Both of these effects can be seen in Figure 2-5. 

 The apparent particle diameter is a weak function of the droplet’s shape.  For instance, 

the 3μm diameter spherical droplet in Figure 2-5 A has a volume which is approximately 15% 

smaller than the 4μm diameter hemispherical droplet in Figure 2-5 B.  When the particle is close 

to the center of the droplet, the smallest distance from the particle’s center to the droplet wall is 

1μm for the hemisphere versus 1.5μm for the sphere.  As expected, the f/f0 ratio is slightly larger 

for the hemisphere, with the largest differences occurring for the largest particle (500nm 

diameter).  The horizontal distance to the nearest droplet wall is larger in the hemisphere than the 

sphere, but this does not become a factor until the particle is more than 700nm away from the 

center.  Beyond that point, the f/f0 ratio is slightly larger (less than 7%) for the spherical droplet 

than the hemispherical droplet.  A similarly modest shape dependence is observed when 

comparing the f/f0 ratios in a 5μm spherical droplet with those in a 6μm hemispherical droplet.  In 

this second case, the hemisphere is approximately 15% larger than the sphere, and the f/f0 ratio in 

the hemisphere is always slightly larger (less than 6% for the 500nm particle, results not shown).  
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As a result, accurate modeling of the friction factor in a small droplet does not appear to require 

an extremely accurate description of the droplet’s shape.  Although any small errors introduced 

by an approximate description of the droplets shape would be systematic, they would be 

swamped by the random measurement errors.  The results of the calculations show that for large 

droplets, such as the 20μm droplet in Figure 2, f/f0 is nearly equal to 1 over a fairly substantial 

region of the droplet’s interior.  As a result, for such large droplets, any errors introduced into the 

analysis by ignoring the hydrodynamic interactions will be small compared to other experimental 

errors and can be ignored. 

 For smaller droplets, a figure similar to those in Figure 2-5 can be used to account for the 

effect of hydrodynamic interactions and to correct the experimentally determined particle 

diameter.  The figure can be used to define a region within the droplet where f/f0 is relatively 

constant to be used for particle tracking. For all of the displacements included in the analysis, f/f0 

is approximately equal to its value at the center of the droplet because the region where f/f0 is 

least sensitive to position will include the center of the droplet.  In Figure 2-5 the bead diameter 

axis is labeled both with the actual diameter of the particle for which the friction factor was 

calculated, but also (in parentheses) the apparent diameter, obtained by multiplying the actual 

diameter by the ratio f/f0.  If the droplet is small enough that f/f0 is not approximately equal to 1, 

then the diameter obtained by the particle tracking analysis is the apparent diameter.  The 

appropriate value of f/f0 can be obtained from the apparent diameter and the ratio can then be 

used to convert the apparent diameter into an actual diameter.  So even for small droplets where 

the effect of the droplet wall on the particle diffusion is significant, it is possible to correct for 

the droplet size and shape and accurately size particles in small droplets.    
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 Correcting for the effect of the droplet on the diffusion of a particle becomes easier as the 

droplet becomes larger.  The magnitude of the effect becomes smaller, which means the required 

accuracy to which the shape and size of the droplet must be described is relaxed.  Furthermore, 

the region over which the ratio f/f0 is relatively constant becomes larger, which might allow for 

more of the particle’s trajectory to be used.  There is, however, one difficulty encountered with 

particle tracking as the droplet becomes larger, namely, that the particle will spend more time out 

of the plane of focus as the droplet becomes taller, which will reduce the amount of the particle’s 

trajectory that is visible. 

 In the FCS measurement of the diffusion coefficient, the particle’s fluorescence is 

measured as it crosses an approximately ellipsoidal volume defined by the focusing of the laser 

and the confocal pinhole in front of the detector.  The effect of the droplet wall on the diffusion 

can be approximated by averaging the calculated f/f0 ratio over a cylindrical volume which is 

2.2μm tall and 490nm in diameter.  This volume, which is the same size as the volume defined 

by the typical height and width of the probe volume in our FCS measurements,
3
 is aligned with 

the symmetry axis of the droplet and has its center at the center of the droplet.  The results of this 

averaging for different sizes of droplets and particles are shown in Figure 2-6. 

 The results in Figure 2-6 are averages over the FCS volume, so the apparent diameter (as 

measured by FCS) can be directly converted to the actual diameter using Figure 2-6.  Due to the 

height of the FCS probe volume, a somewhat larger dependence on droplet shape is observed in 

Figure 2-6, but only for the smallest droplet sizes.  As the droplet become larger, the overall  
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Figure 2-6.  Actual diameter vs. Apparent diameter from FCS measurements for spherical 

particles in droplets.  In both panels, the thin solid line is for equal actual and apparent FCS 

diameter (infinite size droplet).  The relationship was calculated by averaging the ratio f/f0 over 

a cylinder with a diameter of 490nm and a length of 2.2μm, which is aligned with the symmetry 

axis of the droplet and whose center is at the center of the droplet.  (A) Results for a spherical 

droplet.  The five dashed lines represent the effect on the diameter as measured by FCS of (left 

to right) 24, 9, 7, 5 and 3μm-diameter spherical droplets.  (B) Results for a hemispherical 

droplet.  The five dashed lines represent the effect on the radius as measured by FCS of (left to 

right) 30, 10, 8, 6 and 4μm-diameter hemispherical droplet.  For the 4μm hemisphere, f/f0 is 

averaged over a cylinder with a diameter of 490nm and a length of 1.4μm.  The results for the 

4μm hemisphere are presented only for comparison with the results for a 3μm spherical droplet, 

as its short height (2μm) would cause problems with an FCS experiment, which would have a 

sample volume exceeding 2μm in height. 

effect of the droplet as well as the shape dependence becomes small.  From Figure 2-6 it appears 

that once the droplet size is increased over 20μm in diameter, the effect of hydrodynamic 

interactions with the droplet wall has a very small effect on the measured friction factor of the 



28 

 

 

particle.  It is also important to note that as the particle becomes smaller (e.g., <150nm), this 

hydrodynamic interaction becomes negligible, even for the smallest droplet (e.g., 3µm). 

 During our FCS measurements of the synaptic vesicles, the droplets were not the 

spherical or hemispherical shape we typically observe.  Instead a pancake-shaped droplet is 

observed due to the hydrophilic surface used during the measurements.  A model of a pancake 

droplet can be obtained from a model of a hemispherical droplet of the same height by expanding 

its base while keeping the height fixed.  For any given location in the droplet, this increase in 

size results in an f/f0 ratio which is closer to 1 for a pancake droplet than for a hemispherical 

droplet of the same height.  Therefore, a shape change from a hemispherical to a pancake droplet 

of the same height will not affect the diffusion of a particle in regions where f/f0 is already close 

to 1, as is the case for our measurements of synaptic vesicles encapsulated in a droplet.  

 

2.3.3.2 Interfacial/Surface Interactions 

In addition to hydrodynamic affects that depend on the size and shape of the aqueous droplet, 

there are other physical factors that can impact the measurements of the diffusion of particles in 

droplets.  These factors include the surface charge of the particle, ionic/buffer strength of the 

solution, surface property of the glass substrate (if it were a hemispherical droplet), property of 

the immiscible phase, and whether any surfactants are used to coat the beads or the oil/water 

interface.  We have studied the effects these factors can have on diffusion measurements in 

droplets; for example, a variety of oils (AS4 and AR20 silicone oil, and mineral oil), particles 

(sulfate-modified beads, amine-modified beads, and synaptic vesicles), aqueous solutions (DI 

water and phosphate-buffered saline), and surfactants (1 wt% Span 80 and 16 mg/mL PEG [MW 
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8000 Da]) were examined while we developed a model system for sizing particles in droplets.  In 

these experiments, we found it was important to prevent permanent absorption of the particles to 

the droplet interface or glass surface, but it was not critical to eliminate biasing of the particle’s 

diffusion near such interfaces as long as only the particle’s trajectories in the center of the droplet 

were used.  We satisfied these criteria in FCS by “parking” the probe volume in the center of the 

droplet and in particle tracking by only using trajectories localized to the middle two-thirds of 

the droplet.  Even if the particle eventually becomes attached to droplet interface/glass surface, 

we were still able to make accurate diffusion measurements if there was sufficient time (typically 

a few minutes) to record enough trajectories of the particle near the center of the droplet before 

the particle becomes irreversibly absorbed to the interface/surface.   

 

2.4 Conclusion 

 

 We demonstrated here the ability of single-particle tracking and correlation spectroscopy 

to measure the diffusion coefficient and to determine the size of nanoparticles encapsulated 

within femtoliter to picoliter volume aqueous droplets.  These two techniques are 

complementary.  Particle tracking works best with bright particles that diffuse slowly, but has the 

advantage of imaging and can measure multiple single nanoparticles confined in multiple 

droplets in parallel.  Correlation spectroscopy, such as FCS, is a point-detection technique, but it 

offers high sensitivity (e.g., diffusion coefficients of single dye molecules have been measured 

using FCS) and works best with small, dim, and rapidly diffusing particles.  Currently, few 

techniques are capable of sizing single nanoparticles in free solution, and we anticipate our 
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approach to sizing single particles and molecules in droplets complements existing methods, 

such as light scattering, scanning probe methodologies, and electron microscopy imaging.  We 

are particularly interested in combining this capability to size biological nanoscale objects and 

subcellular organelles with our droplet manipulation and analysis techniques for addressing a 

wide range of biological questions, such as the concentration of neurotransmitters contained 

within single synaptic vesicles or the level of metabolites and proteins contained in single 

mitochondria.  
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Chapter 3: Synaptic Vesicle Protein Quantification at the Single Vesicle Level 

by Quantitative Microscopy 

 

3.1 Introduction 

 

 Neurotransmitters are released at synapses via the fusion of transmitter-containing 

(synaptic) vesicles with the presynaptic plasma membrane.  Formed during endocytosis, synaptic 

vesicles contain all the machinery they need to fill with neurotransmitter, associate with synaptic 

sites at the plasma membrane, and fuse in response to elevated calcium.  Most of the protein 

constituents of synaptic vesicles have been identified and their contribution to vesicle 

functioning has been analyzed by genetic approaches.  The copy number of the majority of 

vesicle proteins was recently estimated using biochemical approaches.
1-3

 

 What is not known is the extent to which vesicles vary in protein composition and thus 

the consistency with which proteins are sorted to vesicles.  Studies tracking the location of 

fluorescent vesicle proteins suggest that they freely exchange with excess protein on the plasma 

membrane.
4,5

  This exchange is consistent with the dynamic modulation of vesicle protein 

number in response to changing synaptic conditions.  Indeed, functional differences consistent 

with variance in protein number have been reported,
6
 including differences in synaptic vesicle 

fusion within single synapses.
7,8

  Likewise, differences in endocytotic machinery suggest that 

protein content may vary between vesicles.
9
  In contrast, other studies support the conclusion that 

vesicles are either recycled intact,
10-17

 or that subsets of proteins remain clustered after 
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exocytosis.
18

  This suggests little change in vesicle protein composition and is consistent with 

protein interactions producing a precise protein stoichiometry in vesicles. 

 To address this question we developed an approach to quantify low-copy number proteins 

in isolated, single synaptic vesicles utilizing total internal reflection fluorescence (TIRF) 

microscopy.  Proteins in isolated synaptic vesicles are labeled with fluorescent antibodies by 

incubating the vesicles with a primary antibody that targets the protein of interest and a 

fluorescent secondary antibody.  Fluorescently labeled vesicles deposited on a glass surface are 

then imaged with TIRF microscopy.  Images are processed to obtain a fluorescence intensity 

distribution.  Proteins are counted from the average intensity and the variation in protein number 

is found by deconvolving
19

 the intensity distributions.  A summary of the steps is provided in 

Figure 3-1. 

Techniques currently available for quantifying protein number are limited to bulk 

approaches and single-molecule detection, which are either unable to provide information on the 

distribution around the average protein number or unable to count proteins present in the few to 

tens of copies.  Bulk biochemical approaches, such as quantitative Western blot
3
, can only offer 

information about average values and not about the distribution of copy number.  Fluorescence-

based techniques that measure proteins present in high copy number (>100) work by comparing 

the measured fluorescence intensity of biological samples to the average intensity estimated for a 

known number of proteins.
20,21

  These techniques can be applied to determine the distribution of 

protein copy number but it has been difficult to extend these methods to low-copy-number bio-

molecules, that is, those that range from a few to tens of copies.  This is due to the fact that 

variability in the environment surrounding fluorophores can influence their measured intensity  
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Figure 3-1.  Flow chart outlining the analysis of isolated cellular compartments. A dilution 

curve is first carried out to determine limits for obtaining fully and singly labeled cellular 

compartments.  Once the limits are determined, singly labeled and fully labeled samples are 

prepared and analyzed. 

distribution, thus resulting in an observed intensity distribution that reflects more than just the 

distribution of copy number.
19

  Currently, these fluorescence-based techniques have been applied 

to samples with large copy numbers inside cells,
20,21

 in which case the variability in the 

environment has on the observed intensity is averaged out and does not affect the results.  
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However, for small copy numbers this is not necessarily true and the relationship between the 

width of the measured fluorescence intensity distribution and the width of the distribution of 

protein copy number is more complicated.  If these techniques were to be applied to count 

smaller copy numbers without accounting for the fluorescence variability, the determined copy 

number distribution will be broader than the actual copy number distribution.  The technique 

presented in this chapter takes into consideration the environmental effect on the fluorescence 

intensity distribution during the fitting process providing a more precise determination of the 

copy number distribution. 

The potential for environmental effects also makes it difficult to use sequential single-

molecule photobleaching to reliably count molecules that are present in more than a few 

copies.
19

  As the copy number increases, it becomes difficult to distinguish a step corresponding 

to bleaching of a single molecule because the potential for multiple molecules bleaching 

simultaneously increases.  Though the technique discussed in this protocol can be applied to 

counting less than a few copies, it provides no advantage over sequential single-molecule 

photobleaching when less than a few copies of dyes are present.  Also, application of this 

technique to large copy numbers (≥100) is unreasonable because an overwhelming number of 

data points would be needed to successfully apply the statistical analysis. 

Beyond merely counting proteins at low-copy numbers, this technique can also assess the 

variability in the number of proteins, which provides insight into the regulation of cellular 

processes.  An additional benefit of this technique is the ability to count the proteins in situ but 

this leads to the greatest limitation as well.  Often a protein is found in complexes with other 

proteins potentially altering that protein’s conformation and possibly hindering antibody binding.  
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In such cases as this, an absolute protein count may not be determined; however, observations 

relating to how distributions of protein number change can still be made.  Changes to the 

apparent protein numbers caused by an environmental change can signify a change in the 

conformation/interaction state of that protein.  Therefore, in such situations, this technique can 

still be a valuable tool for observing changes in the conformation of the protein complexes. 

In this chapter, this method has been applied to count protein copy number in synaptic 

vesicles.  However, this technique is suitable for counting proteins present in the few to tens of 

copies for most sub-cellular organelles or protein complexes.  Procedures have been developed 

for the isolation and purification of many organelles and protein complexes,
22

 including 

immuno-isolation,
23,24

 sub-cellular fractionation,
25

 and fluorescence-activated particle 

sorting.
26,27

  This approach is most applicable for sub-cellular organelles and protein complexes 

that can be imaged within the TIRF layer (~300nm), but alterations to the technique for use with 

epi-fluorescence would allow imaging of larger complexes.  Additionally, instead of counting 

proteins via fluorescent antibodies, this method could be extended to counting endogenously 

labeled proteins in sub-cellular compartments.  In such cases, photobleaching the endogenously 

labeled proteins to a single copy will provide the necessary intensity distribution for calibration 

(See Chapter 4).  

 Although it is possible to employ this technique to determine protein copy number in 

intact cells, there are several advantages to using isolated sub-cellular compartments rather than 

intact cells: (1) The use of isolated compartments circumvents problems with auto-fluorescence 

that often plague imaging in situ.  Thus it provides a high signal-to-noise ratio.  (2) The ability to 

concentrate the cellular compartment of interest means that one can obtain large data sets with a 
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limited number of images.  (3)  The use of isolated sub-cellular compartments facilitates 

antibody labeling, minimizing the potential for incomplete labeling. In addition, because we 

exogenously label protein, our technique avoids the potential for altered protein trafficking, 

which can occur when fluorescent proteins are expressed in cells. 

 

3.2 Materials and Preparation of Synaptic Vesicle Samples 

 

3.2.1 Antibodies 

Agarose beads conjugated with goat anti-mouse (GAM), goat anti-rabbit (GAR), mouse IgG, or 

rabbit IgG were obtained from Sigma-Aldrich.  Anti-synaptic vesicle protein 2 monoclonal 

antibody (SV2 mAb)
28

 and anti-synaptotagmin polyclonal antibody (SYT pAb)
29

 recognize 

epitopes in the cytoplasmic domains of these proteins.  Anti-synaptophysin mAb (SYP mAb) and 

anti-VAMP2/synaptobrevin 2 mAb (VAMP2 mAb) were obtained from Lifespan Biosciences.  

The polyclonal antibody directed against the vesicular proton pump and SYG mAb (anti-

synaptogyrin mAb) were obtained from Synaptic Systems.  The monoclonal antibody directed 

against vesicular glutamate transporter 1 (Vglut1) was developed by and/or obtained from the 

University of California, Davis/National Institutes of Health NeuroMab Facility.  SYT1 mAb 

was obtained from Millipore Bioscience Research Reagents/Millipore.  Fluorescently labeled 

secondary antibodies (GAM Alexa-488, GAMAlexa-635, GAR Alexa-488, and GAR Alexa-

635) were from Invitrogen/Invitrogen.  Table 3-1 lists the combinations and concentrations of 

antibodies used. 
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Table 3-1.  List of antibody dilutions used.  Antigens marked with an asterisk were probed with a 

polyclonal antibody.  All others were mouse monoclonal antibodies.  Fluorescent secondary antibodies 

were used at a dilution of 1/1000. 

Target Antigen Antibody Dilution Used Confirmatory Antigen 

pan SV2 1/500 Synaptotagmin 1* 

Synaptobrevin – VAMP2 1/250 SV2A* 

Synaptogyrin 1 1/1000 SV2A* 

synaptophysin – p38 1/250 SV2A* 

Synaptotagmin 1 – p65 1/500 SV2A* 

V-ATPase* 1/500 SV2A 

VGlut 1 1/500 SV2A* 
 

3.2.2 Isolation of vesicles from brain homogenates 

Ten frozen Sprague Dawley rats, 7–8 weeks old, mixed gender brains (Pellfreeze) were 

pulverized into a fine powder by blending in liquid nitrogen.  The powder was resuspended in 85 

ml of homogenization buffer (0.3 M sucrose, 50mM HEPES, pH 7.4, 2 mM EGTA) and 

homogenized using a Teflon-glass homogenizer.  The homogenate was centrifuged at 100 000g 

for 1 hr at 4°C.  The resulting supernatant was loaded onto a 10 ml 0.6 M/1.5 M sucrose step 

gradient, then centrifuged at 260 000g for 2 hr at 4°C.  Synaptic vesicles were collected from the 

interface of the 0.6 M/1.5 M sucrose steps.  Isolated synaptic vesicles were diluted to 3 mg/ml as 

determined using a Bio-Rad protein assay kit with bovine serum albumin as a standard.  Vesicles 

were frozen and stored at -80°C for up to 6 months. 

  

3.2.3 Preparation of vesicles for fluorescence imaging 

Synaptic vesicles were exchanged into PBS by gel filtration using a 3 ml BioGel P10 (Bio-Rad) 

column.  Fifty micrograms of vesicle protein was incubated for 5 hr at 4°C with the antibody 

used for quantification (usually a monoclonal antibody).  The sample was then incubated with 

anti-IgG-agarose (Sigma) to remove excess primary antibody.  The supernatant containing 
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synaptic vesicles was transferred to a new tube and incubated overnight at 4°C with Alexa-488-

conjugated secondary antibody (Invitrogen).  Vesicles were then incubated with a second 

confirmatory antibody (all vesicles co-labeled with SV2 polyclonal Ab, except for SV2 primary 

labeled vesicles that were labeled with synaptotagmin polyclonal Ab, and the Vesicular Proton 

Pump primary labeled vesicles that were co-labeled with SV2 monoclonal Ab) and the 

corresponding Alexa-635-conjugated secondary antibody.  We allowed a minimum of 1 hr at 

4°C for each step.  Synaptic vesicles were then incubated with anti-goat-IgG-agarose (Sigma) to 

remove excess secondary antibody from the solution. 

 

3.3 Experimental Design and Equipment Setup 

 

3.3.1 Design and fabrication of microfluidic chips 

We used microchannels to deliver samples onto the surface of a coverslip for imaging using 

TIRF microscopy.  We chose the microfluidic design depicted in Figure 3-2 A because it 

minimized the channel-to-channel variability in the measurement.  The microfluidic channels 

were fabricated in poly (dimethylsiloxane) (PDMS) with rapid prototyping.
30

 Briefly, our high-

resolution mask was generated from a computer-aided drawing file and imprinted with the 

channel design.  A high quality print of the master design was commercially printed 

(http://www.fineline-imaging.com/).  The mask was used in contact photolithography with SU-8 

photoresist (MicroChem, Newton, MA) to create a positive relief pattern on a silicon wafer, 

which became our silicon master in subsequent steps of replica molding to form microchannels 

in PDMS.  From the master, PDMS channels were molded and then sealed irreversibly to a  
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Figure 3-2. Imaging isolated cellular compartments.  (a) We use a microfluidic chip fabricated 

in PDMS and sealed to a glass coverslip with four large (800   2 cm (l)) 

channels to image samples. (b) Schematic showing the optical path for the TIRF microscope 

coupled with the CRIFF and dual view.  Abbreviations: Lens (L), Dichroic Mirror (DM), 

Continuous Reflective-Interface Feedback Focus System (CFIFF), Charged Coupled Device 

(CCD), Position Sensitive Diode (PSD), Scanning Mirror (SM), Band Pass Filter (BP).  (c) 

Diagram showing the scanning and acquisition pattern we used to collect images along the 

channel. 

borosilicate glass coverslip by oxidizing the PDMS surface in oxygen plasma.  We found that 

when the PDMS was sealed to a glass coverslip (described below) it causes a slight warping of 

the coverslip.  Warping of the coverslip was minimized in the center of the chip, and therefore 
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the imaging environment of the sample was more uniform there.  Also, it was essential that each 

channel has enough surface area (800 µm  200 µm  2 cm, w  h  l) so that hundreds of 

images can be acquired in the same channel.  Gravity driven flow was induced by placing 

100 µL of ultrapure water into the inlet reservoir within minutes of sealing.  The use of 

microchannels to deliver samples for TIRF imaging was convenient because the samples non-

specifically adsorb onto the surface of the coverslip as they flowed through the channel, thus the 

channel allowed for facile solution exchange and a controllable way to deposit samples to an 

acceptable confluence on the surface.  It also offered an additional step of purification of the 

antibody labeled samples, as free antibodies only adhered to the glass surface in deionized water, 

but not in PBS buffer.  As a result, only labeled samples were deposited onto the glass surface in 

the presence of buffer, which is important because we could not have any free-antibody 

intensities present in the intensity distribution of our fully labeled samples.  When collecting a 

single antibody distribution, freshly collected ultrapure water was used to allow free antibodies 

to adhere to the surface of the glass.   

  

3.3.2 Microscope Setup 

The data in this chapter was collected using a total-internal-reflection-fluorescence (TIRF) 

microscope. Figure 3-2 B depicts a schematic of our optical setup, which was equipped with an 

objective-type TIRF, a continuous reflective-interface feedback focus system (CRIFF), a 

motorized stage, and a dual-view.  The CRIFF automatically maintained the microscope focus as 

the sample was scanned and the dual view allowed simultaneous two color imaging.  Our 

statistical analysis requires a high signal-to-noise ratio, low background fluorescence, and a way  
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Figure 3-3.  Photostability and photobleaching of synaptic vesicles.  A fully labeled and a 

minimally labeled vesicle sample were exposed to the indicated durations of laser illumination 

before a final 300 msec exposure to acquire the image.  We do not see measurable 

photobleaching even after exposing the vesicle samples to a duration othat is 5 times longer 

(1500 msec) that the one we used (300 msec) in our actual experiments.  We also test the effect 

of manually focusing the samples versus using the CRIFF; the use of the CRIFF is 

advantageous over manual focusing with slightly less photobleaching. 

to collect reproducibly hundreds of two-color fluorescence images. The use of TIRF greatly 

reduced background fluorescence by illuminating only ~300 nm above the coverslip, thereby 

increasing the signal-to-noise ratio of the image.
31

  Simultaneously excitation with a 488nm light 

from a 20 mW solid-state laser (Coherent) and with a 633nm light from a 10 mW HeNe laser 

(Coherent) was done.  The CRIFF combined with a motorized stage allowed for the complete 

automation of focusing, scanning, and image acqusition along the channel. 

 Before image acquisition, the intensities of the lasers and the settings of the CCD were 

optimized to maximize the signal while maintaining the minimal amount of noise.  Lasers were 

set at the minimum intensity needed to visualize 1-2 fluorescent antibodies.  If the intensity was 

set too high, saturation of the CCD occurred or the fluorescent antibody photobleached during 

the exposure time resulting in the inability to successfully determine copy number.  We found 

that the Alexa dye series antibodies provided optimum signal-to-noise over an exposure time of 
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300 msec even though there was minimal photobleaching over ~900 msec (Figure 3-3).  Finally, 

the gain setting for the CCD was set so that signal from fully labeled synaptic vesicles fell in 

approximately the middle of the CCD range. 

  

3.3.3 Image Acquisition 

It was necessary to have hundreds to thousands of fluorescent spots for statistical analysis.  The 

number of images needed was dependent on the concentration of spots in the imaging area. 

Using a motorized stage with a continuous focusing module to automate data collection greatly 

sped up this process.  The timing of the stage movement was synchronized with the focusing of 

the CRIFF and the image acquisition.  Figure 3-2 C shows a schematic of the method of data 

collection in order to optimally use the area of the microfluidic channel.  Once an image was 

acquired the stage was translated a 200µm and the CRIFF adjusted the focus before another 

image was acquired.  It was pertinent during the stage translation that each new imaging area 

was well outside of the width of the previously illuminated area.  This avoided any possibility of 

imaging samples that may have been partially photobleached during the previous acquisition.  

This cycle was repeated until the desired number of images is collected. 

 

3.3.4 Two-color labeling and selection of antibody 

We developed a two-color labeling and imaging scheme where the synaptic vesicles were 

labeled with two different primary-secondary antibody pairs of two different colors (Figure 3-4).  

The first antibody pair targeted the protein of interest and the second antibody pair targeted a 

protein that is abundant on the synaptic vesicle but different from the protein of interest.  Images  
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Figure 3-4. Antibody labeling of proteins of interest in cellular compartments.  Two-color 

labeling of cellular compartments, which in this case are synaptic vesicles.  The mAb labels the 

protein of interest while the pAb labels a protein that is highly abundant on the cellular 

compartment and serves as verification that the fluorescent spot is a cellular compartment.  

Abbreviations: monoclonal antibody (mAb), Alexa-488 goat anti-mouse antibody (GAM-488), 

polyclonal antibody (pAb), Alexa-635 goat anti-rabbit antibody. 

were collected in both colors and the analysis compared the images for two-color overlay, and 

only spots with both colors co-localized were utilized in down-stream statistical analysis.  

Although two-color labeling may not be necessary in all situations, its use increased the 

robustness of the technique by ensuring that only labeled vesicles were studied.  

 For this technique to be accurate, the first primary antibody must label the protein of 

interest in a one-to-one fashion and must label all such proteins present on the synaptic vesicle.  

Therefore, we used monoclonal antibodies or peptide polyclonal antibodies that had been tested 

for specificity and which had a low dissociation constant (tight binding).  To ensure tight 

binding, the labeled samples were checked for degradation (e.g. by monitoring changes in the 

average fluorescence intensity) over the course a few of days (Figure 3-3).  

 The second primary antibody was distinct from the first primary antibody in either type 

or in subclass to ensure that each primary antibody was labeled with a distinct fluorescent 

secondary antibody of a different color.  This provided a distinction between labeled synaptic 

vesicles (two-colors) and excess unbound antibody (one-color) and ensured that only labeled  
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Figure 3-5.  To determine whether antibodies remained attached to the vesicles during the 

course of our experiment, we tested the stability of our labeled vesicles over three days.  We 

found the mean intensity obtained from single vesicles stayed constant over the course of three 

days.  Since all studies were completed within the first day after vesicle labeling, sample 

degradation did not affect our results. 

vesicles were studied.  No quantification of the protein targeted by the second primary antibody 

was done; so, the second primary antibody did not need to label all of the targeted proteins on the 

cellular compartment. 

 Proper secondary antibodies to pair with each primary antibody were selected.  Here, a 

highly cross-absorbed secondary antibody was used to minimize non-specific labeling.  Samples 

of the synaptic vesicles were labeled with the secondary antibodies in the absence of the primary 

antibodies to verify that non-specific binding did not occur (Figure 3-6).  The two different color 

fluorophores on the two antibodies had non-overlapping emission spectra and they were checked 

for photostablity to ensure no bleaching occurred (Figure 3-3). 

 

3.3.5 Determining antibody concentration and the average protein copy number.   

Initially antibody dilution analyses using serial dilutions of the amount of the first primary 

antibody added to the synaptic vesicles in order to determine the concentration of antibodies that  
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Figure 3-6.  Verification of vesicle labeling. (1) Sample image of synaptic vesicles labeled with 

anti-SV2 and goat-anti-mouse-488.  (2) Sample image of synaptic vesicles labeled with anti-

synaptotagmin and gaot-anti-rabbit Alexa 635.  (3) Two-color overlay in which co-localization 

of the two probes appear yellow.  (4) Sample in which primary antibodies were excluded from 

the labeling protocol.  (5) Sample in which vesicles were excluded from the labeling protocol.  

Scale bars, 1 µm. 

label to saturation the protein of interest on the vesicle, as well as establishing the antibody 

concentration where labeled vesicles only contain one primary antibody (most vesicles will not 

be labeled) were carried out (Figure 3-7).  Saturated labeling was required to obtain information 

on the protein number on the cellular compartment, while minimally labeling vesicles were 

essential for generating calibration distributions used for deconvolution.  The concentration of 

fluorescently labeled secondary antibody remained constant and any excess was removed.  The 

average intensity per labeled synaptic vesicle was obtained by averaging the intensities of the 

labeled spots in the TIRF microscopy images. The synaptic vesicles were deemed fully labeled 

when the average intensity per labeled cellular compartment reached a stable high value 

(typically two consecutive high values), and singly labeled when the average intensity per 

labeled vesicle reached a stable low value (Figure 3-7).  The concentration of antibody needed to 

create an appropriate dilution series was optimized for each protein quantified.  Once the  
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Figure 3-7. Determining the concentration of antibody required to produce fully and minimally 

labeled vesicles. Vesicles were labeled with the indicated antibody dilutions (from a stock 

concentration of ~2 mg/ml). Vesicles were judged to be fully labeled at antibody concentrations 

that produced no further increase in measured intensity per fluorescent spot (i.e., vesicle, green 

arrows), and to be minimally labeled at antibody concentrations that produced no further 

decrease in measured intensity per fluorescent spot (i.e., vesicle, red arrows). 

antibody dilution analysis was finished, we used appropriate concentrations of antibody to 

prepare and analyze sets of synaptic vesicles for each protein quantified. 
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3.3.6 Image Analysis 

A nearly fully automated analysis of the images was accomplished by development of an image 

processing program.  We developed our image processing program in Matlab (Mathworks) 

utilizing the image processing toolbox available in Matlab.  The following algorithm was used in 

our image processing program: 

 

3.3.6.1 Estimate Background 

The program read in the image and the coordinates of the regions of interest (ROIs) containing 

the fluorescent spots to be analyzed and estimated an approximate background ( apprxB ) and 

standard deviation of the background ( apprxS ) for that region.  The values of apprxB  and apprxS  

estimated here were not used in calculating the integrated intensities later.  They were only used 

to identify regions of interest (ROIs) to be examined.  Because the majority of the image was 

background, apprxB  was set to the 48th percentile of the pixel intensities, and apprxS  was set to half 

the difference between the 48th and 1st percentiles of the pixel intensities. 

 

3.3.6.2 Indentify ROIs 

Used thresholds to identify ROIs to examine.  For a given threshold, the program identified 

groups of connected pixels that were above the threshold and marked them as ROIs.  Some of the 

spots may be so close together that they may not separate cleanly into two ROIs in the image if 

only a single, small threshold was used.  To separate these, the thresholding was repeated several 

times, starting with a large value for the threshold and then repeating the process for successively 
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smaller thresholds.  The rationale for this procedure was that the large thresholds increase the 

probability that fluorescent spots that are close together in the pixel will be identified as separate 

regions, while the small threshold defined the smallest-possible-intensity ROIs that the program 

will find.  Typically, seven different thresholds were used, ranging from apprx apprx60 S B   to 

apprx apprx2.5 S B  .  This process created duplicate ROIs, since a pixel which has the peak 

intensity in a ROI for a large threshold will also be a pixel with the peak in a ROI for all smaller 

thresholds.  The program removed these duplicate ROIs to create a set of distinct ROIs to 

examine. 

 

3.3.6.3 Calculate Average Background 

The background intensity for the image was calculated by dilating (expanding) all the ROIs by 

12 pixels.  Any pixel not in one of the dilated ROIs was considered to be part of the background 

and those pixels were used to calculate an average background (B) and standard deviation of the 

background (S) for that image.  In our system, each pixel corresponded to a 160 × 160 nm region 

in the sample, so a band almost 2 microns wide (in the sample) around each ROI was excluded 

from the calculation of the background. 

 

3.3.6.4 Preliminary checks of ROI 

A ROI was considered unacceptable if the peak intensity exceeded 60000 (to avoid saturation of 

the CCD), if the area of the ROI before dilation exceeded 100 pixels (likely more than one 

vesicle in the ROI), or if the pixel of peak intensity was less than three pixels away from the edge 
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of the image (if the peak intensity pixel is too close to the edge, it is difficult to determine its 

width).  ROIs whose peak intensity above the background (B) is less than 3 S  were considered 

to be noise and were rejected. 

 

3.3.6.5 Fit Each ROI to Obtain Width of the Fluorescent Spot 

After subtracting B from the intensities of all the pixels in a particular ROI, the intensities were 

fit to a Gaussian.  The background subtracted intensity of pixels in the ROI was fit to the 

equation 
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   (3-1) 

where the four adjustable parameters are 0x  and 0y , the coordinates of the center of the Gaussian 

(which was allowed to be in fractions of a pixel), the width of the Gaussian () and its amplitude 

(A).  (Note that since the fit was to background subtracted intensities, no baseline was used in the 

fit).  ROIs whose widths were larger than the width threshold were rejected since they likely 

contained multiple vesicles.  The width threshold was typically ~2.3 pixels.  A minimum width 

requirement of 1 pixel was also imposed on the ROI, since anything with a width that narrow is 

likely noise.  ROIs that passed all of these tests were accepted, the remainder were rejected.  

 

3.3.6.6 Image Focus Check 

During the scanning, the CRIFF system did not always get the sample refocused before the 

image was taken.  These images can be excluded automatically because either too few 

fluorescent spots can be identified, or in those cases where spots can be identified in an image, 
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they were out of focus (too broad).  In this work, to pass the focus checks an image was required 

to have a minimum of 20 fluorescent spots and the average width of all spots (accepted and 

rejected) in an image had to be less than the measured diffraction limit of our setup (~2.3 pixels).  

For the singly labeled vesicles, there were typically so few spots per image that only the average 

width requirement was used. 

 

3.3.6.7 Single-Antibody Images 

After the focus check, the intensity distribution for the single antibodies was composed of the 

integrated intensities of accepted spots from images that passed the focus checks. 

 

3.3.6.8 Vesicle Images (Two-Color Images) 

For two-color imaging, a dichroic beam splitter was used to separate the green and red 

fluorescence from the sample and image them simultaneously onto two separate regions of the 

camera.  The resulting image was divided into two sections, one for the green fluorescence and 

one for the red fluorescence, which corresponded to the same area in the sample.  Each section 

was analyzed separately as described above, and lists of fluorescent spots and their coordinates 

for their peak intensity ( 0x  and 0y  in equation 3-1) were made for both the green and red 

sections.  Sometime, it was difficult to get both the green and red fluorescent images in perfect 

focus simultaneously (because of chromatic effects).  Therefore, because quantification is 

performed using the green fluorescence, the green region of the image was focused while the 

width thresholds are greatly relaxed for the red ROIs.  Furthermore, the focus check was only 

performed on the green region of the image.  The coordinates of the green and red puncta were 
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compared and any green/red pair whose separation was less than the acceptance distance of ~2.3 

pixels was considered to be matched.  A red puncta is not permitted to be matched to more than 

one green puncta.  If such a possibility arises, the red puncta was matched to the closest green 

puncta.  The acceptance distance should not be set too small, since any offset in the alignment 

between the red and green sections might not be an integral number of pixels, and may involve a 

slight rotation of one section relative to the other.  The intensity distribution of the two-color 

labeled synaptic vesicles was then composed of the integrated intensities of those green spots 

that were matched to red spots. 

 

3.3.7 Data Analysis and Fitting of Fluorescence Intensity Distributions 

The average number of proteins per vesicle was measured by dividing the average intensity value 

of the fully laveled vesicles by the average intensity value of singly labeled vesicles.  The range 

in number of proteins per vesicle, in principle, can be found with a statistical analyses and 

deconvolution of the intensity distribution of the fully labeled and singly labeled samples. In 

practice, however, singly labeled samples typically provided < 1000 data points due to the 

extreme dilution needed to generate the sample.  This number of data points was sufficient to 

determine an accurate average value, but not enough for our statistical analysis and 

deconvolution to obtain the distribution in copy number.  A single primary-secondary antibody 

complex should be representative of a single labeled protein.  We found that single 

primary-secondary antibody complexes provided thousands to tens of thousands of data points 

and the shape of the fluorescence intensity distribution is the same compared to the singly 

labeled sample; however, we found that the mean intensities differ between the two samples  
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Figure 3-8. Procedure used to generate calibration distributions (A) Intensity distributions of single 

antibody complexes (red) compared with minimally labeled synaptic vesicles (blue). (B) Intensity 

distribution of single- antibody complexes after it has been scaled to the same mean intensity as the 

minimally labeled vesicles.  The goodness of fit is indicated by a reduced χ
2
 value of 1.10.  The residual 

of the fit (the difference between the scaled antibody and the minimally labeled vesicles) is plotted as a 

black dotted line. (C) The scaled distribution of the single-antibody complexes was multiplied by 

integers to generate theoretical (calibration) distributions.  Ab1 denotes the scaled distribution of the 

single-antibody complexes;  Ab2 through Ab5 were obtained by multiplying the Ab1 distribution by the 

corresponding integers 2 through 5. (D) Calibration distributions displayed as semilog cumulative 

probability plots.  This panel illustrates that multiplication of the calibration distribution does not change 

the multiplicative standard deviation or shape of the distribution. 
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(Figure 3-8 A).  The difference in mean intensity was likely caused by the fact that single 

primary-secondary antibody complexes were directly in contact with the surface of the coverslip 

while the antibody on singly labeled synaptic vesicles often were not.  To address these issues, 

we developed a procedure where we used the mean intensity obtained from the singly labeled 

samples to scale the single primary-secondary antibody distribution (Figure 3-8 B).  Note that 

this scaling is possible and justified statistically because the shapes of the two distributions are 

the same. 

 Once we obtained the scaled single-antibody calibration distribution, we proceeded with 

the deconvolution of the fluorescence intensity distributions.  For fitting the intensity 

distributions, the scaled single-antibody intensities were first multiplied by integer values (1 

through x) to create theoretical distributions (calibration curves) for x number of antibodies 

attached to the synaptic vesicle (Figure 3-8 C and D).  The best fit of a linear combination of the 

theoretical distributions to the measured intensity distribution of the fully labeled cellular 

compartments was obtained using least squares minimization.  From the fit, we obtained both the 

average number and variation in the number of antibodies bound to the cellular compartments.  

 

3.4 Results 

 

3.4.1 Calculating the Average Number of Seven Membrane Proteins in Brain Synaptic 

 Vesicles 

We measured the average number of seven integral membrane proteins in rat brain synaptic 

vesicles: synaptophysin, synaptotagmin 1, SV2, VAMP2/synaptobrevin 2, Vglut1, synaptogyrin 
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1, and Voa of the proton ATPase.
32

  Integral membrane proteins are most amenable to this type 

of measurement, because, unlike extrinsic membrane proteins, the process of vesicle purification 

will not lead to changes in their association with vesicles.  Each vesicle protein was 

independently measured at least three times in studies run in duplicate.  In addition, 

VAMP2/synaptobrevin 2 was measured using two different antibodies.  The average number of 

vesicle protein was determined by 2 methods: (1) by dividing the average intensity of fully 

labeled vesicles by the average intensity of singly labeled vesicles and (2) the average protein 

number found from the protein number distribution after deconvolving the intensity distributions 

of the fully labeled vesicles with the scale antibody-complex.  The two approaches produced 

nearly identical values (±0.1), with the exception of synaptophysin for which the fitting program 

produced an average value that differed by 1.  The average number of the proteins varied from 1 

to 13 (Table 3-2), suggesting that, on average, vesicles contain fewer than 20 copies of each of 

these proteins. In general the values agreed well (within a factor of 2) with those obtained by 

Takamori et al.,
3
 who used quantitative Western analyses calibrated to purified protein standards 

to quantify proteins in bulk preparations of synaptic vesicles. The exception was 

VAMP2/synaptobrevin 2, for which we obtained an average of 10 VAMP2 proteins per vesicle. 

This sevenfold lower value was obtained using two different monoclonal antibodies against 

VAMP2, suggesting that the measure was valid.  

 The lower average copy number of VAMP2/synaptobrevin 2 measured in intact versus 

solubilized vesicles could reflect the fact that a significant proportion of 

VAMP2/synaptobrevin 2 exists in protein complexes
33

 and thus may not be accessible to 

antibody labeling.  To test this possibility, we measured the ratio of VAMP2/SV2 in  
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Table 3-2. Average number of seven integral membrane proteins in synaptic vesicles.  The average was 

determined by dividing the average total intensity of fully labeled vesicles by the average total intensity of 

minimally labeled vesicles for each sample.  When the average was calculated using the fitting, the same 

values were obtained for all proteins except Synaptophysin for which the average was 14.0.  The 

distribution width is the SD of each distribution averaged over all samples for each protein.  The SE of the 

distribution width is the SEM for five separate measurements for VGlut1 and Synaptotagmin and six 

separate measurements for the remainder of the proteins.  The coefficient of variation is the distribution 

width divided by the average protein number per vesicle. 

 

Table 3-3. Quantitative Western analyses of SV2 and VAMP2. 

Protein moles protein/µg synaptic vesicle number of separate assays 

SV2 30 ± 4 fmol 4 

VAMP2 

Synaptic Systems mAb 
414 ± 80 fmol 7 

VAMP2 
Lifespan mAb 

89 ± 12 fmol 4 
 

immunoblots of solubilized, denatured vesicles.  The amount of each protein was determined 

using recombinant protein standards run at the same time.  Surprisingly, we found the results 

varied with the anti-VAMP2 antibody used, yielding VAMP2/SV2 ratios that ranged from 3:1 to 

10:1 in the same vesicle preparations (Table 3-3).  These results suggest that measures of the 

average number of VAMP2/ synaptobrevin 2 per vesicle may be imprecise. We note, however, 

that all measures indicate that VAMP2/synaptobrevin 2 is one of the more abundant vesicle 

proteins. 
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3.4.2 Variance in Vesicle Protein Number — How Accurately are Vesicle Proteins 

 Sorted? 

Factors that could influence the observed shape of calibration distributions and thus lead to 

spurious results include variability in the number of fluorophores per secondary antibody and 

variability in the number of secondary antibodies bound to each primary antibody.  To address 

these possibilities, we compared the multiplicative standard deviation (σ*), which reflects the 

shape of lognormal distributions,
34

 between fluorescence intensity distributions obtained with 

labeled primary–secondary antibody complexes, isolated single secondary antibodies, and single 

fluorophores (as measured by sequential photobleaching; see Chapter 4).  The resulting σ* values 

and their SEs were 0.63 ± 0.05 for the antibody complexes, 0.61 ± 0.02 for the isolated 

secondary antibodies, and 0.62 ± 0.02 for the single fluorophores.  The similarity in σ* indicates 

that neither variation in fluorophore number per antibody nor in number of secondary antibodies 

per complex contributes significantly to the width of the intensity distributions.  While the 

number of fluorophores per secondary antibody is presumably not identical, the results indicate 

that any variation therein has a small effect on our results.  Therefore, multiplication of 

calibration distributions provides an adequate representation of the intensity distributions for n > 

1 proteins per vesicle.  

 Fluorescence intensity distributions obtained from each sample of fully labeled vesicles 

were independently fit to calibration distributions and fitting results were averaged.  

Representative fits for each protein are shown in Figures 3-9 and 3-10.  Data from at least five 

separate runs were averaged and depicted as histograms that plot the percentage of vesicles 

containing n number of each protein.  We found that vesicle proteins fell into two classes, those  
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Figure 3-9. Quantification of monodispersed synaptic vesicle proteins.  Plots of representative 

fits for each protein is shown on the left, and histograms showing the percentage of vesicles 

containing n number of the indicated vesicle protein averaged across ~10,000 – 20,000 vesicles 

(see Table 3-2) is shown on the right.  Error bars, SE between different datasets. 
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whose intensity distributions were fit by three or fewer calibration distributions and those that 

required more than three calibration distributions to obtain a good fit.  We term proteins for 

which fewer than three distributions describe > 90% of the vesicles as being “monodispersed” 

and those for which > 3 distributions are required to account for 90% of the vesicles as 

“polydispersed.” 

 An example of a monodispersed protein is SV2.  For intensity distributions obtained from 

synaptic vesicles labeled with anti- SV2 the program was allowed 10 calibration distributions 

(n = 1 through n = 10) to fit the data.  The vesicle data were fit best by a hybrid distribution that 

was 1% n = 4, 97% n = 5, and 2% n = 6.  An example of a polydispersed protein is synaptogyrin.  

Distribution obtained from anti-synaptogyrin labeled vesicles required more than five calibration 

distributions to account for 95% of the distribution. In this case, the vesicle data were fit best by 

a hybrid distribution that was 11 ± 8% n = 5, 29 ± 10% n = 6, 30 ± 8% n = 7, 7 ± 4% n = 8, and 

18 ± 11% n = 9.  Four of the seven proteins analyzed were relatively monodispersed (Figure 3-

9). This included the proton ATPase for which n = 1 fit 75 ± 9% of the vesicle data, Vglut1 for 

which n = 4 fit 80 ± 16%, and synaptotagmin 1 for which n = 7 and n = 8 fit ~90% of the vesicle 

data.  The most monodispersed protein was SV2 for which on average 97 ± 2% of the vesicle 

data were fit by n = 5.  We note that the low variability observed for these proteins is consistent 

with complete labeling by primary antibodies, because incomplete labeling would give rise to 

greater variability in apparent number.  Thus it appears that a cohort of vesicle proteins varies 

little between vesicles. 

 Three of the seven vesicle proteins we analyzed were polydispersed: synaptogyrin, 

VAMP2/synaptobrevin 2, and synaptophysin (Figure 3-10). VAMP2/synaptobrevin 2 required  
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Figure 3-10. Quantification of polydispersed synaptic vesicle proteins.  Plots of representative 

fits for each protein is shown on the left, and histograms showing the percentage of vesicles 

containing n number of the indicated vesicle protein averaged across ~10,000 –20,000 vesicles 

(see Table 3-2) is shown on the right.  Error bars, SE between different datasets. 

> 9 calibration distributions to obtain the best fit (8 ± 5% n = 6, 25 ± 11% n = 7, 15 ± 5% n = 8, 

11 ± 4% n = 9, 13 ± 4% n = 10, and 6 ± 2% n = 11).  Synaptogyrin required > 5 calibration 

distributions to obtain a good fit.  Synaptophysin was the most polydispersed protein, requiring 

> 14 calibration distributions to obtain a good fit.  We note that the bimodality of the combined 

data was not seen in individual experiments.  This indicates greater variability between runs, 

which suggests that antigen accessibility was significantly more variable for synaptophysin than 
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for other proteins.  The absolute monodispersity or polydispersity of proteins is reflected in the 

SD in protein number (Table 3-2).  When viewed in this way, it becomes apparent that 

synaptophysin and VAMP2/synaptobrevin 2 are the most polydispersed of the vesicle proteins 

we measured.  We note with interest that these two proteins are reported to form a complex in 

vivo.
33

  This raises the possibility that the apparent variability in protein number measured for 

these proteins actually reflects changes in antibody accessibility because of variance in protein 

complex formation.  Thus, for this subset of vesicle proteins, single vesicle quantification may 

measure a combination of number and conformation/interaction state. 

 To assess the possibility that proteins with smaller average numbers simply appear more 

monodisperse than proteins with larger average numbers because of the precision with which we 

can fit the distributions, we calculated the coefficient of variation for each of the protein 

distributions (Table 3-2).  If the observed polydispersity for proteins with larger average numbers 

was primarily attributable to an increasing difficulty in fitting their distributions, we would 

expect that using the coefficient of variation would eliminate most of the differences between 

different proteins.  This is not observed.  Based on the coefficient of variation, the three most 

monodispersed proteins are VGlut 1, SV2, and SYT.  This indicates that monodispersity is not 

masked when proteins are present in higher numbers. 

 

3.5 Discussion 
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3.5.1 Quantitative Single Vesicle Imaging Provides Information on the Variance in 

 Vesicle Composition 

A major advantage of quantifying native protein in isolated vesicles is that it provides 

information on the distribution of protein number, and with it information on the consistency of 

vesicle assembly.  Thus the approach we describe provides a way to measure disruptions in 

protein sorting that may accompany neuropathological conditions.  Changes in vesicle protein 

expression have been noted in several nervous system pathologies, including schizophrenia,
35

 

epilepsy,
36-38

 and Alzheimer’s disease, where changes in vesicle protein expression precede loss 

of synapses and changes in cognitive functioning.
39,40

  The technique described here will provide 

a means for identifying changes in the precision of protein sorting in animal models of disease 

and with changes in protein expression. 

 

3.5.2 Functional Implications of Vesicle Protein Number and Variability 

The number and variability of each protein in synaptic vesicles has implications for hypotheses 

of protein action at the synapse.  Four of the seven proteins analyzed, SV2, H
+
/ATPase, Vglut1, 

and synaptotagmin, varied little in number of copies per vesicles.  This was seen despite the fact 

that the vesicles analyzed represented all neurotransmitter classes.  This finding supports a model 

in which protein complexes with a fixed stoichiometry interact with clathrin adaptor proteins in a 

stereotypical manner.  In this way, vesicle protein content could be encoded into protein 

interactions that result in the self-assembly of vesicles with uniform protein content.  This model 

is consistent with the report that SV2, the most monodispersed of the vesicle proteins, regulates 

the amount of synaptotagmin in synaptic vesicles.
41
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 Our finding that the glutamate transporter Vglut1 is relatively monodispersed suggests 

that variation in the number of transporters per vesicle is not common.  Thus the observation that 

variation in transporter expression alters the amount of neurotransmitter packaged into 

vesicles
42,43

 is not likely to be a widespread source of regulation in vivo. 

 Because we analyzed vesicles of all transmitter classes, we cannot tell whether 

polydispersity reflects variability across all vesicle classes or arises from the relative abundance 

of vesicle classes with different, monodispersed numbers of these proteins.  Therefore, one 

exciting possibility is that polydispersity reflects variability between neurotransmitter classes of 

vesicles, and that this underlies differences in release probability across different classes of 

synapses. 

 Although the tetraspan proteins synaptophysin and synaptogyrin are both polydispersed, 

they differed significantly in their average number per vesicle (6.8 ± 0.36 for synaptogyrin and 

13.06 ± 0.83 for synaptophysin). Because loss of both synaptophysin and synaptogyrin is 

required to observe deficits in synaptic functioning,
44

 it has been assumed that they provide a 

redundant function.  The discrepancy in their average number suggests that this may not be true 

and that these proteins may perform unique actions in vesicles. 

 In summary, knowing the number and variance of vesicle proteins provides a basis for 

vetting models of exocytosis and endocytosis and screening alterations in vesicle composition in 

animal models of neurological disorders.  We anticipate that this approach will find wide use in 

future studies of synaptic regulation. 
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Chapter 4: Single-Molecule Fluorescence Quantification with a 

Photobleached Internal Standard 

 

4.1 Introduction 

 

 Often bio-analytical studies employ fluorescent probes, such as dyes or fluorescent 

proteins, to observe and quantify bio-molecules that are essential to cellular function and 

physiological processes.  The photophysical properties, like emission intensity, of fluorophores 

can be affected by a variety of environmental factors such as solvent polarity,
1,2

 pH,
3-5

 or 

temperature.
6,7

  To further the understanding of cellular dynamics, studies have employed 

environmentally sensitive fluorophores as biosensors within cellular systems.  For instance, 

measurements of the acidification kinetics within the lumen of individual synaptic vesicles have 

been studied in synaptopHluorin (spH) vesicles which are synaptic vesicles that have been 

modified to express pH sensitive green fluorescent proteins (GFPs) on the luminal portion of the 

synaptobrevin 2 (VAMP 2) proteins.
4
 

 In our efforts to aid the development of an accurate and predictive model of cellular 

function, we developed a sensitive quantitative microscopy technique to determine the average 

number of proteins within sub-cellular compartments and to provide a distribution of the protein 

number over the entire population.
8-10

  To accurately quantify the protein number, it is essential 

to obtain an intensity distribution that is representative of a single fluorescent entity that is being 

used for quantification.  However, the environment that some fluorophores are in, such as the 

GFP in spH vesicles, is not entirely known and it is difficult to generate a calibration sample that 
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accurately represents a single fluorophore.  In cases like this any differences in environmental 

factors between the calibration sample and the sample of interest could alter the count, especially 

in a sensitive single-molecule technique.  To overcome this potential drawback, we demonstrate 

how photobleaching can be used to obtain an intensity distribution representative of a single 

fluorophore directly from the sample of interest while maintaining the original environment.  To 

demonstrate the counting capability of this technique we counted the number of Alexa Fluor 488, 

an environmentally insensitive fluorophore, on goat-anti mouse IgG antibodies and the number 

of GFP, an environmentally sensitive fluorophore, in spH vesicles.  

 

4.2 Materials and Methods 

 

4.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless noted otherwise.  Goat anti-mouse 

Alexa-488 (GAM-488) was obtained from Invitrogen. 

 

4.2.2 SynaptopHluorin Vesicle Isolation 

Whole brains were extracted from transgenic mice at 20-25 days old then frozen and stored at -

80°C before use.  SynaptopHluorin (spH) vesicles were isolated using a modified procedure 

from Hell et. al. as discussed in previous work.  Briefly, 5-10 frozen brains were blended with 

liquid nitrogen to a fine powder.  The fine powder was re-suspended with homogenization buffer 

(2mM EGTA, 0.3M sucrose, 50mM HEPES, pH 7.4) and then homogenized with a Teflon-glass 

homogenizer.  A spH vesicle rich supernatant was acquired by centrifuging the homogenate at 
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100,000 g for 28 min at 4°C with a MLA-80 rotor (Beckman Coulter, Fullerton, CA) in a 

Beckman-Coulter tabletop ultracentrifuge.  The supernatant was loaded onto a 1.5 M/0.6 M 

sucrose gradient and centrifuged at 250,000 g for 72 min at 4°C to isolate the spH vesicles.  

Isolated spH vesicles were extracted from the 1.5 M/0.6 M sucrose interface then frozen and 

stored at -80°C for up to 4 months.  Before imaging, spH vesicles were exchanged into fresh 

phosphate buffered saline (PBS) using a P10 size exclusion column (Bio-Rad). 

 

4.2.3 Sample Imaging and Photobleaching 

Total internal reflection fluorescence (TIRF) microscopy was used to simultaneously image and 

photobleach the sample.  For ease of imaging, an imaging chip consisting of 4-straight channels 

1mm-wide and 300µm-high were fabricated in polydimethylsiloxane (PDMS) and sealed 

irreversible to a borosilicate glass coverslip as previously discussed.
10

  The sample was 

introduced to an imaging channel through gravity driven flow and allowed to adsorb to the glass 

surface before flowing through clean PBS buffer to remove excess, non-adsorbed sample.  Using 

a home-built TIRF microscope the sample was continually illuminated for 5 min to ensure 

complete photobleaching with a 488nm light from a 20 mW solid-state laser (Coherent).  A 

stream acquisition of images was acquired with a Photon-Max EMCCD camera (Princeton 

Instruments) with an exposure time of 300 msec per image.  We used a 100, NA 1.45 Nikon 

objective and each 16 micron pixel of the EMCCD corresponds to 160nm in the sample. 
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4.2.4 Extraction of Initial and Final Intensity Distributions 

The fluorescent images were analyzed with an image-processing program generated in 

Matlab.
9,10

  Briefly, the program applies a series of thresholds to identify the fluorescent puncta 

to be analyzed within each image.  Potential puncta that can be attributed to noise or sample 

aggregates are eliminated through a series of tests. The amplitude of the puncta must exceed a 

signal-to-noise cutoff and their width must not be significantly larger than the resolution of the 

microscope system. The exact values of these thresholds are adjustable parameters.  Finally, the 

integrated intensities of acceptable puncta are used to generate an intensity distribution ({ }).  In 

order to quantify the fluorophores in the sample, initially the image-processing program was 

applied to the first image of the photobleaching series to identify all acceptable puncta and 

generate an initial intensity distribution ({  }).  The image processing program was then used on 

all the images in the photobleaching series with all the criteria thresholds set to ensure that no 

potential puncta were rejected prematurely due to things such as a decrease in signal-to-noise 

during bleaching. 

 A second program was used to extract the final fluorescent intensities (  ) corresponding 

to a single fluorophore in the sample from photobleaching tracks (Fig. 1) for each punctum found 

in the first frame.  The program generates photobleaching tracks for each punctum by comparing 

the centroid of the initial punctum to those found within the subsequent images.  If a punctum is 

found with a centroid within a designated acceptance distance (   ), the track is assumed to be 

continuing.  Once a punctum is no longer observed for a specified number of consecutive frames 

(frame cutoff,    ) the photobleaching track is terminated and    is outputted.  The program 

requires a designated number of blinks (  ) (Figure 4-1 B) to occur during the photobleaching  
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Figure 4-1.  (A) Photobleaching track of GFP in a single synaptopHluorin vesicle.  The initial 

intensity,   , is from the first frame of the photobleaching track.  (B) Photobleaching track tail 

enlargement. Blinks are denoted by (*).  The photobleaching track is terminated after the vesicle 

is no longer observed for a designated number of frames (    = 10 frames).  Once the track is 

terminated, the final intensity,   , is extracted from the photobleaching track.  (C) Initial and 

final intensity distributions ({  } and {  }) for all acceptable vesicles in a single 

photobleaching series.  (D) Semi-log cumulative probability plots of {  } and {  } showing the 

conservation of the distribution shape during bleaching. 
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track and the frame from which    is obtained must be preceded and followed by a frame in 

which the punctum is observed to ensure that    represents a single fluorophore emitting during 

the entire exposure of the frame. 

 

4.2.5 Data Analysis 

The average number is simply determined by dividing the average intensity of the unbleached 

sample (   ) by the average final intensity (   ).  Previously we have shown that single 

fluorophores exhibit an intrinsic lognormal distribution in fluorescence intensity when imaged in 

TIRF microscopy.
8
  By fitting the histogram of the intensities with a lognormal distribution and 

comparing the multiplicative standard deviations,
11

 or relative widths (  ), of the initial intensity 

distribution (  
 ) and final intensity distribution (  

 ) we can determine if the variability in the 

number of fluorophores over the sample population is significant.  When   
  and   

  are not 

equal, a distribution of fluorophores within the sample is found using a previously demonstrated 

deconvolution technique.
8-10

  To determine the distribution in the number of fluorophores, {  } is 

fit with a series of calibration distributions generated from the final intensity distribution ({  }). 

 

4.3 Results and Discussion 

 

4.3.1 Optimization of Intensity Extraction from Photobleaching Track 

To verify that    obtained from the photobleaching track correlated to the fluorescence of a 

single fluorophore there are  two types of user controlled parameters had to be optimized in the 
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photobleach tracking program:  (1) those that help to ensure that the fluorescence is not from 

multiple fluorophores that bleach simultaneously or the sample did not leave the imaging region 

before complete bleaching occurred and (2) those that ensure that the fluorescence is from an 

punctum that correlates to the original punctum.  The parameters that contribute to accurately 

extracting    are the frame cutoff (   ), the number of blinks (   , and the required number of 

frames with a usable punctum (   ).  If     is set too low the track may be terminated early and 

the corresponding intensity has a higher risk of correlating to two fluorophores blinking resulting 

in a seemingly lower final average fluorophore count.  For our samples we found that     of 10 

frames was sufficient.  We found that varying     between 6 and 18 frames showed variations in 

the final average fluorophore count that all fell within two times the standard deviation of the 

mean found for     of 10 frames suggesting that there is no significant difference over this cutoff 

range.  However, we did find that     set below 6 frames showed a dramatic difference (outside 

the recommended standard deviation of the mean) in the average number of fluorophores. 

 The required number of frames (   ) is the number of frames in which the punctum is 

considered part of the tail of the photobleaching track and is a suitable punctum in which to 

extract    from (i.e. has a frame preceding and following in which the puncta is present).  The 

larger     is set the longer the resulting tail lengths are of acceptable photobleaching tracks 

therefore increasing the potential of extracting the proper single intensity.  Additionally, the 

potential for an intensity corresponding to two fluorophores blinking simultaneously is decreased 

the larger    is set.  We found that we only required 1 blink and 1 acceptable frame for our 

samples.  The average number of fluorophores found when increasing the    and     was all 
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within a single standard deviation of the mean number of fluorophores found with only a single 

blink and a single acceptable frame. 

 To verify that the final punctum correlates to the original punctum there are two 

parameters, acceptance distance (   ) and maximum distance (    ), which both compare the 

position of the center of the final punctum to the center of the original punctum.  Our samples 

were allowed to adsorb to the glass surface and no further amount of immobilization was done.  

Small variations in the samples location between frames may occur due to drift in the 

microscope and diffusion on the surface and these two parameters account for these potential 

changes during the course of the photobleaching process.  Acceptance distance (   ) is used 

when generating the photobleaching track and can be set larger than     , which compares the 

position one last time before outputting   , to ensure that the photobleaching track is not 

prematurely terminated due to excessive movement over the time course of the photobleaching 

process.  We found that when     and      are set too low the observed average fluorophore 

count will be lower than the actual average count due to movement of the sample over the length 

of time needed to bleach the larger number of fluorophores.  As     and      get larger, we 

found that the final average count does not change but the number of final puncta decreases 

because the program finds multiple potential puncta during the tracking process and rejects the 

original punctum.  For our samples, we found that     of 2 pixels and      of 1 pixel were 

optimum.  
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4.3.2 Quantifying Fluorophores in Alexa Labeled Antibodies and SpH Vesicles 

To demonstrate the capability of using photobleaching to complement our previously developed 

quantitative microscopy technique, we counted the fluorophores in two types of samples: (1) 

single Alexa Fluor 488 (Alexa-488) on labeled goat anti-mouse (GAM-488) antibodies and (2) 

GFP in synaptic vesicles from transgenic mice expressing synaptopHluorin (spH).  The 

fluorescence of Alexa-488 dye is environmentally insensitive and the average number of 

fluorophores per GAM-488 is previously determined by Invitrogen making it suitable to verify 

that    extracted from the photobleaching track properly represents a single fluorophore.  The 

reported degree of labeling for the particular lot of GAM-488 was an average of 5 fluorophores.  

We found that average fluorescence of the labeled antibodies was the equivalent of 4.6 ± 0.3 

(stand. err.) single Alexa-488s (n=12 data sets).  The difference between the observed average 

number of fluorophores and the reported number of fluorophores may be due to quenching. 

Comparison of    for {  }and {  } showed a similarity
10

 suggesting that the distribution in 

fluorescence intensity from the antibodies due to variability in the number of Alexa-488 over the 

antibody population is negligible. This result is important since it indicates that these antibodies 

can be used to obtain not just the average, but also the distribution of the number of bound 

antibodies in quantitative fluorescence experiments.
10

  

 Often, green fluorescent protein (GFP) is used as a reporter of expression in cellular and 

molecular biology and, unlike Alexa Fluor 488, GFP is sensitive to the surrounding 

environments, specifically to pH.  In the case of spH vesicles, the GFP are expressed within the 

lumen of the synaptic vesicle where the exact nature of the environment that GFP is expressed is 

unknown making spH vesicles an excellent example of the types of samples where this technique  
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Figure 4-2.  (A) Intensity distribution of GAM-488 with the best fit of single Alexa Fluro 488 

found from photobleaching.  (B) Variation in number of Alexa Fluor 488 bound to GAM 

antibody.  (C) Intensity distribution of spH vesicles with the best fit of single GFP found from 

photobleaching.  (D) Variation in the number of GFP expressed in spH vesicles. 

will be beneficial.  Differences between   
  (0.62 ± 0.03) and   

  (0.46 ± 0.03) suggests that the 

variability in the number of GFP over the population of spH vesicles is a significant contributor 

to     .  Figure 4-2 B shows the variation in the number of GFP over the population of single 

spH vesicles found from the deconvolution of {  } with {  }.  The distribution demonstrates a 

similar polydispersed nature that we observed previously when quantifying the number of 

synaptobrevin 2 (VAMP 2) proteins in synaptic vesicles isolated from rat brains.
10

  However, the 

average number of GFPs we found in spH vesicles is 4.4 ± 0.4 which is approximately 60% 

lower than the average number of VAMP 2 found in rat wild type synaptic vesicles.  Previous 
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characterization of this spH vesicles showed that the expression of VAMP 2 was found to be 

nearly the same concentration between mouse wild type synapses and synapses containing spH 

vesicles.
12

  Therefore, there are two potential possibilities that could contribute to the difference 

in the number of GFPs (assuming a single GFP is expressed per VAMP 2): (1) the difference in 

the level of VAMP 2 expressed between rats and mice vary or (2) not every VAMP 2 within a 

single synaptic vesicle expresses a GFP. 

 

4.4 Conclusion 

 

 Using photobleaching to extract single fluorophore intensities, we were able to 

demonstrate how quantitative microscopy could be used to determine the average number of 

fluorophores and the variation in that number for samples where environmental effects on the 

photophysical properties of the fluorophore make it difficult to obtain an accurate single intensity 

for calibration.  In cellular and molecular biology, an increasing number of fluorophores are 

being expressed in a variety of biological systems as biosensors to help develop a better 

understanding of the biological processes.  We feel this technique will help in the 

characterization of biological systems expressing a wide variety of environmental sensitive 

fluorophores that before could not easily be characterized. 
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Chapter 5: Probing the Interior of Synaptic Vesicles with Internalized 

Nanoparticles 

 

5.1 Introduction 

 

 Studies have shown links between intravesicular concentrations of small molecules, such 

as protons
1
 and chloride

2
, and the uptake of neurotransmitters into synaptic vesicles.  Current 

methods for probing the intravesicular region include the use of dyes that can cross the synaptic 

vesicle membrane, such as acridine orange
3
 and Oregon green,

4
 but the non-specificity of the 

dyes and self-quenching at high dye concentrations
5
 make them unreliable for real-time 

measurements within the synaptic-vesicle lumen.  Similarly, genetic transfections of fluorescent 

proteins, such as pH sensitive green-fluorescent protein, have been used as probes within 

synaptic vesicles,
6
 but genetic modifications potentially alter composition and function of 

synaptic vesicles.  We have sought to develop a technique in which nanoparticles incorporating 

fluorescent based sensors are loaded into synaptic vesicles for real-time monitoring of the 

intravesicular concentration of important molecules with minimal interference to synaptic-

vesicle function. 

 Semiconducting polymer dots (Pdots) have emerged as an ideal platform for nanoparticle 

fluorescent-based sensors for a variety of reasons: (1) Pdots have a broad size range (tens of 

nanometers to hundreds of nanometers) providing the ability to tune the size of the nanoparticle 

for various applications.
7,8

  (2) The surface of a Pdot is easily functionalized to improve 

biocompatibility and to allow further bioconjugation.
9-11

  (3) Finally, Pdots show improved 
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brightness and high photostability compared to other nanoparticles.
12,13

  By conjugating a pH-

sensitive dye with a pH-insensitive Pdot, we were able to develop a sensitive and robust pH 

sensing probe that can be used to measure the pH in a range of biological applications.
14

  

 We are particularly interested in using the pH sensing Pdots to monitor the fluctuation of 

pH within the lumen region of synaptic vesicles at a single-vesicle level.  Though Pdots are small 

enough to fit inside a synaptic vesicle, they are too large to diffuse through the membrane or be 

transported into the vesicle and a technique in which synaptic vesicles uptake nanoparticles is 

needed.  To address this, we explored loading nanoparticles into synaptic vesicles using 

synaptosomes, which are isolated nerve terminals that allow synaptic vesicles to still undergo 

endo- and exocytosis.  Utilizing synaptosomes, we were able to stimulate synaptic vesicles to 

uptake nanoparticles through endocytosis and then further isolate the synaptic vesicles for single-

vesicle studies.
15

  This loading capability in conjunction with our pH-sensing Pdots will enable 

us to develop a better understanding of the transporters that play an essential role in the loading 

of neurotransmitters into synaptic vesicles. 

 

5.2 pH Sensing Semiconducting Polymer Dots 

 

5.2.1 Materials 

The following materials were purchased from Sigma-Aldrich: poly-(2,5-di(3′,7′-

dimethyloctyl)phenylene-1,4-ethynylene (PPE) and tetrahydrofuran (THF; anhydrous, ≥ 99.9%, 

inhibitor free).  Amino-terminated polystyrene (PS-NH2) was purchased from ADS Dyes, Inc.  
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Figure 5-1. Schematic showing route for the preparation of pH-sensitive Pdot. 

 (Quebec, Canada) and all other chemicals were purchased from Invitrogen (Carlsbad, CA).  All 

chemicals were used as received without further purification. 

 

5.2.2 Generation of pH Sensing Pdot 

To prepare Pdot pH-sensors, initially, 13mg of NHS-fluorescein and 20 mg of PS-NH2 was 

dissolved in 4ml of anhydrous dimethylformamide.  The solution was stirred and allowed to 

react overnight.  Then 100 µl of PPE at 1 mg/ml in THF, 15 µl of polystyrene polyethylene 

glycol carboxylic acid (PS-PEG-COOH) at 2 mg/ml in THF, and 40 µl of the PS-NH2-

Fluorescein conjugate were added to 5 ml of THF.  The Pdots were formed by quickly injecting 

this solution into 10ml of ultrapure water under vigorous sonication.  Nitrogen was bubbled 

through the solution of Pdots while on a hotplate set at 125°C for 30 min to purge the THF from 

the solution.  The resulting Pdots were filtered through a 0.2µm cellulose acetate membrane filter 

to remove aggregates that may have formed during the preparation.  The Pdot solution was 

further concentrated by adding 80 µl of Triton X-100 at 2.5 wt% in ultrapure water and  
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Figure 5-2. (A) Fluorescence spectra of pH-sensing Pdot at different pH (red line: pH = 7.5, blue line: 

pH = 7, green line: pH = 6.5, black line: pH = 6, brown line: pH = 5.5, and pink line: pH = 5).  390nm 

excitation wavelength.  (B) Ratiometric pH calibration plot of the emission ratio (I513nm/I440nm).  (C) 

Emission ratio (I513nm/I440nm) when pH is toggled between 5.0 and 7.5 to demonstrate the reversibility 

and reproducibility of pH-sensing Pdots. 

centrifuging in a centrifugal unltrafiltration tube (Amicon Ultra-4, MWCO: 100kDa) at 2,750× g 

for 3 min.  

 

5.2.3 Characterization of pH Sensitivity 

When developing the pH-sensing Pdot, it was important to maximize their sensitivity.  

Previously, fluorescent pH-sensitive dyes were covalently linked to quantum dots (Qdots) in 

which Förster resonance energy transfer (FRET) occurred to monitor the pH.
16,17

  In this 

instance, the ratio between the emission intensities from the Qdot and the fluorescent dye was 

used to measure the pH.  Ratiometric measurements are less susceptible to environmental effects 

providing an advantage over measuring pH based on the fluorescence from the dye alone.  To 

take advantage of this property, PPE was chosen as the semiconducting polymer core due to the 

overlap of the emission of PPE and the excitation of the pH sensitive dye, fluorescein.  In 

addition, PPE is insensitive to changes in pH serving as an internal standard when measuring the 

pH of the surrounding environment.  Figure 5-2 A shows how the emission of fluorescein (λ =  
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Figure 5-3. Confocal microscopy images of pH-sensitive Pdots inside live HeLa cells at 

λexc = 405nm.  (A) Emission from PPE (integrated from 433 to 444nm).  (B) Emission of 

fluorescein (integrated from 507 to 518nm).  (C) Overlay of the emissions from PPE and 

fluorescein.  (D) Brightfield image of the HeLa cells.  The insets show a magnified version 

of a single HeLa cell and the scale bar is 20µm. 

513nm) increases in response to an increase in pH while the emission of PPE (λ = 440nm) 

remains relatively unchanged.   

 The pH-sensing Pdots were furthered characterized by examining the sensitivity and 

robustness of the pH measurements with fluorescence spectroscopy.  The correlation between pH  

and the emission ratio (I513nm/I440nm) was found to be linear in the range of pH = 5 to 7.5 (Figure 

5-2 B).  A 0.27 per unit change of pH was found over this range.  The Pdot pH sensors 

demonstrated excellent reversibility and reproducibility when measuring the pH of a solution that 

was continually toggled between 5 and 7.5 (Figure 5-2 C). 

 To demonstrate the capabilities of the Pdot pH sensors in a biological sample, the Pdots 

were loaded into live HeLa cells to measure the intracellular pH.  These live cell experiments 



87 

 

 

were performed with Pdots generated as described above but with no PS-PEG-COOH.  The 

HeLa cells were incubated in the presence of the Pdot pH sensors and the Pdots were taken up 

via endocytosis.  After rinsing the cells with fresh phosphate buffered saline to remove excess 

Pdots, confocal images of the HeLa cells were acquired (Figure 5-3).  The intracellular pH was 

measured by calculating the ratio of the average intensity of the fluorescein emission (507 to 

518nm) to the average intensity of the PPE emission (433 to 444nm).  The intracellular pH was 

found to be 4.8 ± 0.9 which is in agreement with previously reported pH ranges.
14

  

 

5.3 Synaptosomes as a Loading Platform for Nanoparticles into Synaptic Vesicles 

 

5.3.1 Materials 

Mice were wild type strain C57black6 courtesy of Sandra Bajjalieh.  The mice were used in 

accordance to University of Washington animal practices.  Q605 quantum dots and FM4-64 dye 

were obtained from Invitrogen.  All other chemicals were purchased from Sigma-Aldrich. 

 

5.3.2 Loading Nanoparticles into Synaptic Vesicles 

 

5.3.2.1 Synaptosome Isolation 

Freshly isolated mouse brains were placed in a chilled Teflon-glass tissue grinder and 

homogenized in ice cold homogenization buffer (10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 300 mM sucrose, pH 7.4) with 10 strokes.  The 

homogenate was centrifuged at 1 000g for 10 min at 4°C to remove cellular debris.  The resulting 
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supernatant was centrifuged again at 24 500g for 13 min at 4°C resulting in a crude 

mitochondrial pellet containing the synaptosomes and additional cellular organelles.  The 

synaptosomes were further purified by re-suspending the crude mitochondrial pellet in ice cold 

homogenization buffer and placing on a Percoll gradient consisting of a layer of 23%, 10%, and 

3% percoll in sucrose/EDTA buffer (5 mM HEPES, 300 mM sucrose, 1 mM EDTA, pH 7.4).  

The gradients were centrifuged at 23 000g for 20 min at 4°C with slow acceleration and no 

braking during deceleration.  Isolated synaptosomes were collected from the interface between 

the 10% and 23% percoll layers.  To remove excess percoll from the synaptosomes, isolated 

synaptosomes were diluted into Krebs-like buffer (118.5 mM sodium chloride, 4.7 mM 

potassium chloride, 1.2 mM calcium chloride, 1.18 mM magnesium chloride, 10 mM glucose, 

20 mM HEPES, 0.1 mM disodium hydrogen phosphate, pH 7.4) and pelleted by centrifuging at 

18 970g for 10 min at 4°C.  The final synaptosome pellet was re-suspended and the final protein 

concentration was adjusted to 0.3 mg/ml using Krebs-like buffer. 

 

5.3.2.2 Nanoparticle Loading 

Isolated synaptosomes were incubated in the presence of 200 nM Qdot and 20 µM of FM4-64 

for 10 min while in a 37°C water bath.  The synaptosomes were stimulated for 2 min with 

30 mM K
+
 Krebs-like buffer (63.2 mM sodium chloride, 60 mM potassium chloride, 1.2 mM 

calcium chloride, 1.18 mM magnesium chloride, 10 mM glucose, 20 mM HEPES, 0.1 mM 

disodium hydrogen phosphate, pH 7.4).  The stimulation induced the endo- and exocytosis of the 

synaptic vesicles causing the vesicles to take up any Qdots and FM4-64 located at the surface of 

the synaptosome (Figure 5-4).  After stimulation, the synaptosomes were centrifuged at 8 400g  
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Figure 5-4.  Schematic of the uptake of FM4-64 and Qdots into synaptic vesicles via 

synaptosomes. 

for 3 min at 4°C and washed twice, once with Krebs-like buffer containing 1 mg/ml bovine 

serum albumin (BSA) and once with Krebs-like buffer without BSA, to remove excess Qdots 

and FM4-64.  Then synaptosomes were re-suspended in ice-cold homogenization buffer. 

 

5.3.2.3 Synaptic Vesicle Isolation 

Synaptic vesicles were isolated from the synaptosomes by adding nine volumes of cold ultrapure 

water to the re-suspended synaptosomes and then homogenized with 3 strokes in a chilled 

Teflon-glass tissue grinder.  The synaptosomes were left on ice for 30 min to allow for full 

rupture.  Cellular debris was removed by centrifuging at 22 460g for 9 min at 4°C.  The 

supernatant was removed and centrifuged one final time at 217 410g for 1.5 hours at 4°C to 

pellet the synaptic vesicles.  Finally, the pellet of synaptic vesicles was re-suspended into 

potassium acetate buffer (20 mM HEPES, 110 mM potassium acetate, 4 mM magnesium sulfate, 

4 mM potassium chloride, pH 7.4). 
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Figure 5-5.  Images of isolated synaptic vesicles loaded with Qdot and FM4-64.  (A) Qdots in 

synaptic vesicles.  (B) Synaptic vesicles labeled with FM4-64.  (C) Overlay showing successful 

loading of Qdot into synaptic vesicles. 

5.3.3 Verifying Loading of Nanoparticles into Synaptic Vesicles 

Previous studies have shown that Qdots can be taken up by synaptic boutons in neuronal 

cultures.
18

  Quantum dots are well-characterized nanoparticles that can be easily acquired in a 

size (~15nm) that is small enough to fit within a synaptic vesicle (~50nm).  Also, Qdots can be 

obtained with a carboxyl functionalized surface to improve the non-specific interaction of the 

Qdot to neuronal membranes.  Therefore, Qdots were the ideal model fluorescent sensor to use 

when developing the technique for loading nanoparticles into synaptic vesicles via 

synaptosomes.  A membrane selective dye, FM4-64, was simultaneously loaded into the synaptic 

vesicles as an additional label to verify the loading of Qdots.  Total internal reflection 

fluorescence (TIRF) microscopy was used to image the synaptic vesicles (Figure 5-5).  Overlaid 

images of Qdots and FM4-64 showed that 25.8 ± 11.1% of vesicles appeared to contain a 

nanoparticle.
15

  

 Due to the preference of Qdots to neuronal membranes, it is possible that excess Qdots 

may not have been removed during the washing steps in the procedure.  A black hole quencher 

(BHQ) was utilized to distinguish Qdots encapsulated in synaptic vesicles from those that were  
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Figure 5-6.  Overlay images of synaptic vesicles loaded with Qdot (green) and FM4-64 

(red).  (A) Synaptic vesicles before treatment with BHQ-2.  (B) Synaptic vesicle after 

treatment with BHQ-2. 

bound to the exterior of the vesicle (Figure 5-6).  Images of vesicles after quenching with BHQ 

showed that 15.6 ± 5.1% of synaptic vesicles actually had encapsulated Qdots.
15

  

 

5.4 Considerations when Loading Polymer Dots into Synaptic Vesicles 

 

 There were two main advantages to using Qdots as a model nanoparticle when 

developing the synaptic vesicle loading technique: (1) The Qdots used were small in size with a 

narrow size distribution (Figure 5-7 A) which was necessary to fit within the intravesicular 

region of the synaptic vesicle and (2) the negatively charged surface of carboxyl functionalized 

Qdots improved the non-specific interaction with the synaptosome surface.
18

  When developing 

alternative options for fluorescence based nanoparticle sensors, size and surface functionalization 

are important properties to control.  As discussed previously, Pdots are ideal fluorescent based 

sensors due to their sensitivity and robustness.  In addition, the size and surface functional 

groups can be easily controlled to optimize the Pdot for use in a wide range of studies.   
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Figure 5-7. Dynamic light scattering measurements of the size distributions of (A) Q605 

Qdots, (B) PFBT polymer dots generated with a slow injection and high powered sonication 

technique, and (C) PFBT polymer dots generated with a fast injection and low powered 

sonication technique. 

Figure 5-7 shows how Pdots composed of poly[(9.9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-

{2,1′,3}-tioadiazole)] (PFBT) can be generated in various sizes through minor alterations to the 

procedure.  In this case, PFBT Pdots with an average diameter of 16nm were generated by 

slowly injecting (3 min/ml) a PFBT/THF solution into ultrapure water during sonication using a 

probe sonicator with a high local sonicating power and an average diameter of 70nm was 

achieved by quickly injecting (<1 min) the PFBT/THF solution into ultrapure water under 

sonication with a typical bath sonicator.  Using these methods, the size of Pdots can be optimized 

for each specific application. 
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 Similarly, functionalization of Pdots is achieved with minimal variation in the method for 

generating Pdots.  The surface of Pdots can be functionalized by including a small amount of 

amphiphilic polymer containing the functional group of interest with the semiconducting 

polymer during the formation step.  Functionalization of Pdots can be verified through 

measurement of the ζ-potential.  For example, non-functionalized poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-(1-cyanovinylene-1,4-phenylene)] (CN-PPV) Pdots were found to have a ζ-

potential of -35mV while CN-PPV Pdots generated with 20% poly(styrene-co-maleic anhydride)  

(PSMA) were found to have a ζ-potential of -55mV.  By applying techniques for controlling the 

size and modifying the surface functional groups, pH-sensitive Pdots can be optimized for 

loading into synaptic vesicles. 

 

5.5 Conclusion 

 

 Synaptic vesicles play an important role in neuronal communication.  Therefore, 

development of techniques and new approaches for studying these subcellular organelles is 

ongoing.  We have successfully used synaptosomes to load nanoparticles into synaptic vesicles 

and then isolate the vesicles for further single-vesicle studies.  By combining this loading 

technique with the pH-sensitive Pdots, we anticipate the ability to probe the intravesicular region 

of the synaptic vesicle while avoiding the drawbacks of other similar techniques.  The pH 

sensing Pdots offer a sensitivity that will contribute to development of a better understanding of 

the uptake of protons into synaptic vesicles and eventually how this relates to the overall 

function of this organelle. 
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