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ABSTRACT

While superresolution microscopy has opened the doors to insights into biological
phenomena we couldn’t have dreamed of in the last century, its methodology is naturally
limited. We aim to push the envelope of its capabilities by testing the effect that Ca2+ and
H+ ions have on the fluorescent protein Dendra2. Utilizing a newly designed perfusion
chamber, we flow separate solutions containing Ca2+ and H+ ions into a cellular
environment, in which the cells in question have been tagged with Dendra2. Utilizing the
superresolution technique known as Spectral Fluorescence Photoactivation Localization
Microscopy, we are able to obtain information about the emission intensity and emission
spectrum of Dendra2 while under the influence of these ions. Preliminary findings
suggest that Ca2+ ions have no effect on the emission intensity of Dendra2. Our results
testing the effects H+ ions agree with previous findings that acidic environments reduce
the bulk emission intensity of Dendra2. Our findings on emission intensity work to
increase the imaging capabilities of Dendra2, as increasing emission intensity and
prolonging photobleaching are both highly desirable effects when it comes to producing
high quality videos of microscopic biological phenomena. Unfortunately, due to a poor
calibration between our spectral and space channels, we were unable to observe the
emission spectra of Dendra2 under the effect of these ions. Potential shifts in emission
spectra were found to be smaller than our localization precision, further suggesting poor
calibration data and emphasizing the delicate, precise nature of the FPALM imaging
procedure.
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INTRODUCTION

Optical microscopy is defined broadly as the use of lenses in order to magnify the
image of a sample using visible light. It is one of the most common and effective
methods of understanding the mechanisms that govern the microscopic world of biology.
Its largest benefits are that it is non-invasive and affords us one of the most comfortable
and direct methods to observe phenomena that we do not understand: we can look
directly at them. However, up until recently, optical microscopy techniques were thought
to have a fundamental limit to their resolution capabilities. This resolution limit was due
to the natural process known as diffraction and became known as the diffraction limit. It
limits the smallest length scale between which two separate point sources of light can no
longer be justifiably deemed as, indeed, two separate point sources of light. This limits
the resolution of conventional optical microscopy images to roughly half the wavelength
of incident light, typically ~250 nm. However, since the mid-2000’s, several localization
based superresolution microscopy techniques have been developed to circumvent this
diffraction limit and are consistently capable of producing images with resolutions as low
as 10 nm. The superresolution technique of interest to this project is known as
Fluorescence Photoactivation Localization Microscopy (FPALM). The technique works
by tagging molecules of interest with fluorescent proteins and then using incident laser
light to excite said proteins, causing them to fluoresce. Utilizing the fact that these
proteins activate stochastically, we can image a cell over time, obtain as many as
thousands of images, and then localize our illuminated, diffraction limited proteins within
each image so that when we render all our separate images as a single image file, we
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obtain a superresolution map of our tagged molecules within our cell. Like the name
suggests, fluorescent proteins are fundamental to FPALM’s successful imaging of a cell.
How we might manipulate these proteins in order to obtain higher quality images that
contain more information than simply the spatial position of molecules within a cell is of
significant scientific value, and is the main focus of this paper. Specifically, this project
investigates the effect of H+ and Ca2+ ions on the emission intensity of Dendra2.
Originally derived from the species of coral Dendronephthya, Dendra2 is a
photoswitchable green-to-red fluorescent protein often used in FPALM imaging, though
it is popular for use in non-superresolution imaging techniques as well. A
photoswitchable protein has two sets of distinct excitation and emission spectra, one of
which it will naturally emit at under normal conditions. In order to switch emission
spectra, the protein is exposed to an “activation” wavelength which changes its molecular
makeup, causing both its excitation and emission wavelengths to change. The activation
wavelength of Dendra2 is 405 nm, which upon exposure causes its peak emission
wavelength to shift from 507 nm to 573 nm. For these experiments we will strictly be
testing for effects on the photoactivated form of Dendra2. The excitation and emission
spectra for both forms of Dendra2 can be seen in Figure 1.
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Figure 1: Displays the excitation and emission spectra for both the green and red
forms of Dendra2. Spectra data provided by Evrogen.com

Figure 2: 3D structure of the protein Dendra2 provided by the National Center
for Biotechnology Information
3

Using cells that express Dendra2, we’ll utilize a perfusion chamber to flow
neutral phosphate buffered saline (PBS) solution into the cell’s environment, followed
by, and to be compared with, either PBS with Ca2+ ions or PBS with a pH roughly equal
to 6. We’ll then image our cells normally and observe any and all changes in their
fluorescent properties, specifically watching for any change in their emission intensity
and emission spectra. We hope to gain an understanding of the effects that Ca2+ and H+
ions have on the fluorescent properties of a cell, with the potential end goal being to
create a superresolution map of the concentration of Ca2+ and H+ ions within a cell. Such
a map could in theory be made if we observed consistent, measurable shifts in the peak
emission wavelength of Dendra2 in response to varying concentrations of either Ca2+ or
H+. Generating such a superresolution map would prove invaluable to the study of
cellular biology due to the vital importance of Ca2+ ions to the physiology and
biochemistry of any living cell. To name just a few things, Ca2+ ions are vital to signal
transduction pathways, neurotransmitters and their calcium channels, contraction of
muscle cells, and even cell fertilization. Should either Ca2+ or H+ be found to have an
effect on the emission intensity of Dendra2, this could be used to increase the quality of
FPALM images while also increasing the number of questions that techniques like
FPALM and other fluorescent imaging techniques are suited to endeavor to answer.
Aside from increasing the capabilities of the FPALM technique, we also hope our
findings can shed light on the mechanisms behind certain fluorescent phenomena of
Dendra2. Of particular interest to this researcher is the phenomenon known as spectral
wandering, where the peak emission wavelength of fluorescent proteins has been shown
to shift by as much as 30-50 nm over the course of 10.9 ms. Similar shifts in emission
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spectra were first observed at cryogenic temperatures in single molecule pentacene
defects in crystals of p-terphenyl, likely caused by high strain in the defect’s local
environment (Fluorescence Spectroscopy and Spectral Diffusion of Single Impurity
Molecules in a Crystal; Ambrose and Moerner, Nature, 1991). Data recorded in the Hess
Super-Resolution lab shows Dendra2 shifting its mean wavelength from 590 nm to 620
nm over the course of 10.9 ms. Over 31,047 localizations, 13.3% of Dendra2 molecules
were shown to wander an average magnitude of 13.5 nm (Super-Resolution Imaging of
Molecular Emission Spectra; Mlodzianoski and Hess, PLoS One, 2016). As part of our
analysis, we’ll look to see if the introduction of Ca2+ or H+ ions have any effect on the
frequency with which Dendra2 spectrally wanders, or the magnitude with which it shifts
from its peak emission wavelength of 573 nm.
We hypothesize that the introduction of Ca2+ and H+ ions to the Dendra2
environment will decrease the average emitted wavelength of Dendra2. This idea is
supported by data published in a paper by Alexey A. Pakhomov which shows that the
peak emission wavelength of photoactivated Dendra2 shifts from 573 nm to around 520
nm in solutions of pH less than 7 (Dendra2 as a pH Sensor; Pakhomov et al. BBRC,
2017). Indeed, the entire emission spectrum of Dendra2 is dependent on the pH of its
environment. As its environment grows more and more basic, its normal photoactivated
emission peak becomes more pronounced as its full width half maximum decreases and it
emits less light in the 475 nm to 525 nm rage. A more acidic environment means more
positive hydrogen ions, and it would not then be unrealistic to assume some sort of
charge interaction is causing the change in Dendra2’s emission wavelength. Indeed,
Pakhomov attributes the decrease in the peak emission wavelength of Dendra2 to the
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protonation of its phenol group. Assuming a similar charge interaction mechanism, we
expect the presence of calcium to decrease the peak emission wavelength of Dendra2.
Observing Figure 2c in the aforementioned Dendra2 Pakhomov paper, we can also make
the prediction that the emission intensity of Dendra2 will decrease in the presence of a
more acidic environment. Our peak fluorescence at pH=7 is around 35 while at pH=6.5 it
is just under 30. It is also well documented that the photoactivated form of Dendra2 has a
pKa value of 6.9. Any pH lower than 6.9 results in far more protonated Dendra2 than
normal Dendra2, resulting in the bulk emission intensity of a sample being lowered.
Again, assuming a charge interaction similar to the protonation reaction we know to
occur between Dendra2 and H+ ions, we expect Ca2+ ions to decrease the emission
intensity of Dendra2 as well.
Given the limited research published on the spectral wandering properties of
fluorescent proteins, indeed we do not have any idea about the mechanism behind this
phenomenon, we have little to go on in terms of hypothesizing what sort of effects to
expect upon Dendra2’s exposure to Ca2+ and H+ ions. However, if we look to the
Ambrose and Moerner paper on spectral diffusion of single molecule crystal impurities,
they posit that the highly strained, low temperature environments of their p-terphenyl
crystals allow for a variety of local structure configurations to be energetically accessible,
allowing for spectral diffusion. Our low ionic solutions might provide a similarly
varietous environment for Dendra2, inducing more viable energy transitions within the
molecule. We therefore hypothesize that the presence of Ca2+ and H+ ions will induce a
greater frequency and greater magnitude of spectral wandering in Dendra2.
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We also hope to test our newly designed perfusion chamber’s ability to regulate
our cellular environment. We fully expect to be able to flow various solutions into and
out of our petri dish while not inhibiting our ability to obtain quality videos at the same
time.

THEORY

How does diffraction enforce a lower limit on the length scales that we can
effectively observe with optical microscopy? The crux of this issue comes down to the
fact that we can treat the light sources in our microscopy specimen as point sources. The
biological specimens we wish to better understand contain highly overlapping features
that are best modeled by a collection of point sources as opposed to a single, larger
source of light. When we observe our specimen under a microscope, the light from our
point sources undergoes diffraction as it interacts with the boundaries of the circular
aperture that holds our objective lens in our microscope. This results in a specific type of
diffraction pattern for an image of the point source known as an Airy disk which can be
seen below in Figure 3.

Figure 3: An Airy disk diffraction pattern due to the diffraction
of a point source of light. Image source: Introduction to Optics. 3rd ed., Pedrotti et al.
Cambridge University Press, 2017.
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The angular radius of our central Airy disk can be found using Equation 1 where 𝜆is the
wavelength of our light, and 𝐷is the diameter of our objective aperture. This angle
measures half of the total angle subtended by the cone of light created between our
objective lens and image plane.
Equation 1: 𝜃1/2 =

1.22'
(

You can see from Eqn. 1 that a smaller objective aperture results in a larger Airy disk.
This makes logical sense if we think about our Airy disk intensity distribution almost like
a probability distribution for the position of our point source. The diameter of our
objective aperture defines how much light from our point source is allowed in our
microscope, so the amount of light we receive from our point source can be thought of as
the amount of information we receive about the position of our point source. If the
amount of information, or the amount of light we receive, decreases, then logically the
probability distribution of our source position, or the radius of our Airy disk, should
widen, as our uncertainty about our source’s position has increased.
Should two point sources be close enough together, their diffraction patterns will
begin to overlap, resulting in an image similar to the one in Figure 4.

Figure 4: Image of two overlapping Airy disks from two separate point sources. Image
source: Introduction to Optics. 3rd ed., Pedrotti et al. Cambridge University Press, 2017.
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These two point sources are known as unresolvable, as it is impossible to tell just by
looking at our image whether our original object was a single, wider point source, or two
point sources close together. In the late 1800’s, John William Strut, 3rd Baron Rayleigh
somewhat arbitrarily quantified what is meant by “unresolvable.” Two point sources are
said to be resolved when the principle maximum, the center of the Airy disk, from one of
the point sources overlaps with the first minimum, the dark fringe around the Airy disk,
of the other point source. Modifying Eqn. 1 with a bit of optical trigonometry, Rayleigh
found the smallest distance two point sources can be apart before they are unresolvable to
be given by Equation 2, where f is the focal length of the objective lens.
Equation 2: 𝑑 =

1.22*'
(
(

Equation 3: 𝑁𝐴 ≈ 𝑛 2*
Equation 3 gives an approximation for the numerical aperture of our objective
lens where n is the index of refraction of our medium. Substituting Eqn. 3 in for f and D
in Eqn. 2 we arrive at Equation 4, which is accepted today as the minimum resolvable
distance between two point sources. It is widely known as the Rayleigh criterion. Since
the visible spectrum of light ranges approximately from 400 nanometers to 750
nanometers, and a typical objective lens immersed in oil has a numerical aperture of
around 1.4, this results in an average diffraction limit value of about 200 nanometers.
Equation 4: 𝑅0 =

0.61'
01

Because the cellular processes we are interested in observing occur on length
scales well below this diffraction limit, on the order of 10 nanometers, we need a method
of imaging that circumvents this diffraction limit. FPALM provides us with this
9

capability. The method begins by tagging the specific molecules we wish to image in the
cell with fluorescent molecules called fluorophores. Fluorescent molecules fluoresce
when incident light forces them into an excited state causing molecules to emit a photon
when returning to their base energy state. However, the phenomenon of photoactivation
in fluorescent molecules is stochastic. Depending on the molecule used and wavelength
of light used to activate said molecule, a probability per unit time of whether or not the
molecule actually emits any light can be found. This randomness in whether or not the
fluorescent molecules are switched on is integral to achieving sub-diffraction limit
resolution because it allows us to slowly image small points on a cell over a period of
time. After tagging our cell with the desired fluorescent proteins, the process of imaging
begins by taking a large number of images of our cell, as many as tens of thousands, over
the course of several minutes. Throughout this time, incident laser light causes our
fluorescently tagged molecules to fluoresce, so our images are constantly capturing a
subset of the total number of fluorescent molecules present due to the stochastic nature of
fluorescence. Refer to Figure 5 as a reference for this overarching FPALM process. We
then localize all of our imaged molecules using MATLAB code so that they no longer
appear as the 200 nanometer wide Airy disk as before, but instead the single pixels or
point sources of light that they are. We can then render all of our collected localized
images into a single FPALM image of the entire cell with all of its tagged molecules
within it (see Figure 6).
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Figure 5: A side-by-side comparison and step through of widefield images taken
and subsequent FPALM images generated. Image source: Imaging biological structures
with FPALM. Gould, Travis J, et al. Nature Protocols, vol. 4, no. 3, 2009

Figure 6: A sample FPALM image and compared widefield image. Image source:
Imaging biological structures with FPALM. Gould, Travis J, et al. Nature Protocols, vol.
4, no. 3, 2009
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Spectral FPALM utilizes the exact same materials and methods as normal
FPALM, save for an additional prism and beam splitter placed in between the sample and
the camera used to direct emitted fluorescence. See Figure 7 for reference.

Figure 7: Emission path setup for Spectral FPALM. Image source: Super-Resolution
Imaging of Molecular Emission Spectra; Mlodzianoski and Hess, PLoS One, 2016
The 50:50 beam splitter (marked BS in the above figure) sends half of the light into the
camera normally, creating a spatial channel, which undergoes normal FPALM analysis
and produces a normal FPALM image. The other half of the light is sent through a prism
before it reaches the camera. The angle at which a prism deflects a beam of light is
dependent on the light’s wavelength. This means that different fluorescent molecules
will appear to have been shifted by different distances from their original space channel
position depending on their emission spectra. This requires a calibration to be performed
in order to determine the current experimental set-up’s relationship between spectral shift
and wavelength. It follows that we can properly identify which bright spots are which
fluorescent molecule by utilizing this relationship between spectral shift and wavelength.
This is also how we can identify molecules undergoing spectral wandering, as we will
observe their spectral shift distances change over time.
12

METHODS

Designing a Perfusion Chamber
In order for this experiment to first be feasible, we needed to design an instrument
capable of altering our cellular environment. This could be done with a perfusion
chamber, a device that flows liquids into and out of a central chamber. The cells we use
will be grown, housed, and imaged within a 5 ml petri dish. The solution within these
petri dishes constitute our cell’s environment, and is what our perfusion chamber will
work to regulate. Our perfusion chamber must pump at a low enough flow rate so as not
to damage the cells, it must be mountable on the microscope stage so that it cannot
accidentally shift about during imaging, and it must not interfere with any normal
FPALM processes. In other words, it must not obstruct the view of the microscope.
The most cost effective way to design, build, and test multiple iterations of this
perfusion chamber was to utilize an Ultimaker 3 - 3D printer. Each iteration of the
chamber was designed using Autodesk Inventor and printed using white PLA filament as
the printing medium. Final designs could be exported from Autodesk Inventor as .stl
files and loaded into the Ultimaker 3 application for printing.
The main design concept for the chamber was to have a small, open top box
snugly house our petri dish. The walls of this box had holes in place for the two tubes of
the perfusion chamber to be held in place: one tube would flow new solution into the
petri dish, the other would suck old solution out. After five design iterations, it became
clear that the tubes would need more explicit physical guidance into the petri dish than
what just the holes in the walls of the chamber could provide. Thus, a hollow “tube
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guide” was designed in order to angle our tubes more directly into the petri dish. Four
flat arms with holes on their ends were made to stretch off of the corners of the main boxchamber so that they might reach the screw holes on the microscope stage. We could
then screw each arm into place on the stage so that the perfusion chamber would be sure
to not move during imaging. The final design of the perfusion chamber and tube guides
can be seen below in Figures 8a and 8b, and an image of the full experimental setup can
be seen in Figure 9. The final .stl files can be found on the computer FPALM23 in the
Hess Lab computer cluster under the file path
C:\Users\FPALMCLUSTER22\Desktop\Waterman Spectral. The final print settings for
the Ultimaker 3 are listed below in Table 1.

Figure 8a: Top view of perfusion chamber with tube guides in place, and perfusion tubes
directed into a sample petri dish.
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Figure 8b: Angled view of perfusion chamber with tube guides in place, and perfusion
tubes directed into a sample petri dish.

Figure 9: Full experimental setup containing peristaltic pumps, tubes, and perfusion
chamber mounted on microscope stage.
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Perfusion Chamber 3D-Printer Settings
Setting

Value/Description

Layer Height

0.2mm

Initial Layer Height

0.27mm

Line Width

0.35mm

Wall Thickness

1

Line Count

3

Top Thickness

1

Bottom Thickness

1

Infill Density

20%

Infill Pattern

Triangles

Print Temperature

200∘ 𝐶

Initial Layer Print Temperature

205∘ 𝐶

Initial Print Temperature

190𝐶

Final Print Temperature

185∘ 𝐶

Build Plate Temperature

60∘ 𝐶

Diameter

2.85mm

Print Speed

70mm/s

Travel Speed

250mm/s

Number of Slower Layers

2

Brim Width

6, outside only

Table1: Displays the final Ultimaker 3 printer settings for the final iterations of the
perfusion chamber and tube guide.
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Two peristaltic pumps are utilized in order to actually flow solutions through our
tubing. These pumps are of different makes, and thus have different settings with which
to control their flow rates. After some careful calibration, both pumps were able to flow
water through our tubes at a rate of about 7-8 mL a minute. The setting on pump #1 for
this flow rate was 3 volts. Pump #2’s dial had to be set to 1.2 in order to adequately
match the flow rate of pump #1. Truthfully however, as long as the outtake pump is set
to pump at a faster rate than the intake pump, striving for this equilibrium between pumps
is unnecessary. One can simply position the outtake tube so that it lies at the highest
desired level for solution within the petri dish. Whenever the solution reaches this level,
the tube will suck the solution out of the dish until it no longer can because the solution
level has dropped below its reach. The intake tube then fills the petri dish back up to the
level of the outtake tube, and the process repeats indefinitely.
We wish to utilize the perfusion chamber I designed in order to flow three
different solutions into our cells’ environment. These solutions are phosphate buffered
saline with a pH of 7.06, which we will use as our control solution, a PBS solution with a
pH of ~6, and a PBS solution with a pH of 7.05 containing Ca2+ ions. Our first issue we
need to then solve becomes how do we know when our solutions have completely turned
over within our cell’s petri dish? How will we know precisely when our Dendra2 can be
said to be fully under the effect of just one of our solutions, and not some combination of
two as we flow solutions in and out of our chamber. Our solution to testing the turnover
times of our perfusion chamber was to make a fluorescent solution using the fluorescent
dye Fluorescein and to flow this new solution into our perfusion chamber. We do this in
order to visualize the increase and decrease of any general solution’s concentration within
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the chamber over time. Two Fluorescein solutions of concentrations 1𝜇𝑀and 0.1𝜇𝑀
were first imaged in order to determine the peak brightness of the solutions. This way,
when the same solutions were flowed into the perfusion chamber, the times it took for the
chamber to get up to and come back down from those same peak brightnesses could be
recorded. Thus, the time it took to reach peak brightness and the time it took to return to
no fluorescence at all could be called the “turnover time” of the perfusion chamber: the
time it takes for solutions to reach their full concentration within the chamber. Knowing
these times is essential to later analysis, as we must know precisely when Dendra2 is
being affected by the ions and when it is not. The time to reach 1𝜇𝑀concentration of
fluorescein from 0M within the chamber was found to be 1.2 ± 0.1 seconds, and the time
to reach 0.1𝜇𝑀concentration from 0M was found to be 0.35 ± 0.03 seconds. The
discharge time for these concentrations was much more difficult to determine, as
fluorescein is known to stick to the walls of whatever container it is in. Due to this, we
found our discharge times to be upwards of one to two minutes. We can disregard this
information due to the nature of fluorescein, and assume that our discharge time is
roughly the same as our intake time. Indeed, discharging and intaking is the exact same
process for the perfusion chamber, it just depends on what solution we say is being taken
in or out. Due to these findings, for all analysis of Ca2+ and H+ ions’ effect on Dendra2,
we will allow for at least 2 seconds to pass before assuming that whatever solution we are
trying to pass into the perfusion chamber has reached its full concentration.
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Procedure
From here, we performed experiments in which we tested the effect of our Ca2+
ion solution and our H+ ion solution on Dendra2. In total, a single Ca2+ ion experiment
was performed and two H+ ion experiments were performed. Our first acid experiment
utilized a test solution with a pH of 6.02, and our second acid experiment utilized a test
solution with a pH of 5.99. After our first acid experiment, we realized that because our
first low pH solution was synthesized using a buffer with a red tint to it, our solution
itself would reflect laser light, therefore contributing to our recorded emission intensity.
We made sure our second test pH solution was synthesized using clear hydrochloric acid.
All experiments except for our final H+ ion test used NIH3T3 Fibroblast cells that
expressed Dendra2 in their cytosol. We permeabilized the membranes of all our cells
before imaging so that our solutions were able to come in contact and potentially interact
with the Dendra2 inside the cell.
These two experiments using cells with Dendra2 in their cytosol specifically
looked to obtain information about how the emission intensity of Dendra2 was affected
by the presence of Ca2+ and H+ ions. We did not intend to perform a full spectral analysis
on these first tests, so we did not obtain any calibration images at the time of imaging.
However, we still utilized the Spectral FPALM module as displayed in Figure 5 in order
to perform preliminary spectral analysis on the videos we collected. These first cytosol
experiments were imaged in widefield. Each test entailed imaging a single cell while
flowing our control and test solutions into and out of our perfusion chamber. For each
imaged cell, we flowed our test and control solutions on and off at least four times, or as
many times as we could before the Dendra2 within our cell totally photobleached. We
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used a 558 nm laser to excite our Dendra2, and a 405 nm laser in order to photoswitch it
to its red form, increasing our photon yield, increasing the quality of our images. The red
form of Dendra2 is more easily excited by 558 nm wavelengths than the green form, as
can be seen by looking to Figure 1. The 558 nm laser read a total power of 94.8 mW.
With a total OD filter value of 0.6 placed in the 558 nm beam excitation path, the power
of the beam exciting our Dendra2 was 23.7 mW. The 405 nm laser read a total power of
32.0 mW. With a total OD filter value of 2.8 placed in 405 nm beam excitation path, the
power of the laser beam activating our Dendra2 was 5.07 mW. Each of our cells was
imaged with an EM gain value of 200. For each trial, the Dendra2 was exposed to the
test solution for about a minute and a half at a time before the control solution was
flowed back on for about the same amount of time. This process was repeated until the
proteins within the imaged cell were totally photobleached.
Our final experiment tested the effects of H+ ions on both the emission intensity
and spectral properties of Dendra2. Due to the high background noise obtained in our
previous, widefield trials, we decided certain changes to our experimental design needed
to be made. Our first batch of cells were transfected so that Dendra2 was expressed in
their cytosol, which meant that there was no single image plane that could capture even a
majority of the blinking Dendra2 in focus. To remedy this, we decided to transfect our
cells so that the protein hemagglutinin, which is most commonly found in the cell
membrane, was tagged with Dendra2. This gave us a very specific area of the cell to
image and would hopefully reduce background noise. In order to do this, and rather than
imaging in widefield which illuminates the entire sample, we decided to utilize the
technique known as total internal reflection fluorescence (TIRF) microscopy, the specific
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procedure of which can be found in the paper Measuring Surface Dynamics of
Biomolecules by Total Internal Reflection Fluorescence; Nancy Thomspon, Thomas
Burghardt, Dan Axelrod, et al., Biophysical Journal, Volume 33, March 1981, 435-454.
This allowed us to selectively illuminate the part of the cell closest to the bottom of the
petri dish, the cell membrane, precisely where our tagged hemagglutinin resides.
For this final H+ ion experiment, we wanted to fully analyze the potential effects
of a low pH environment on the spectral properties of Dendra2 which meant utilizing the
prism module and obtaining calibration images. This calibration process was done by
illuminating a 0.5𝜇𝑚pinhole with the white lamp light of the microscope. This produced
a bright, nearly diffraction limited spot in our field of view to be imaged by the camera.
By placing filters between our scope lamp and our pinhole we changed the wavelength of
light that illuminated the pinhole and was seen by the camera. These filters were a
458/10 nm, 496/10 nm, 514/10 nm, 580/10 nm, 635/10 nm, and 680/10 nm. The amount
that each of the wavelengths will be shifted between our space and spectral channel
depends on both the wavelengths themselves, and their position within the camera’s field
of view. This means that for a proper calibration we needed to image each wavelength at
nine distinct positions. We arranged these nine positions in a 3x3 square grid, equally
spaced to cover as much of our field of view as possible. All images, including those
from calibration, were acquired at 31.221 Hz, or with 0.032 seconds of exposure per
frame.
Analysis of the acquired images was performed using several pieces of MATLAB
code. The scripts written to analyze the emission intensity of Dendra2 were all slight
variations of the program read_show_frames.mat and can be found under the file path
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C:\Users\FPALMCLUSTER22\Desktop\Waterman Spectral. These programs read data
from our collected images in order to generate graphs of the average photon count per
pixel, a measure of emission intensity over time.
Searching for and analyzing any instances of spectral wandering within our
images required more than a single script, all of which were originally authored by Dr.
Michael Mlodzianoski. The first script, gen_spectrum_calibration_file_v04_PRw.m, was
handed our calibration images and produced a calibration file containing the polynomial
coefficients detailing the relationship between spectral shift and wavelength, along with
the stretch, translation, and rotation coefficients needed to adequately map points in the
space channel to their corresponding points in the spectral channel. This calibration file
along with the relevant experiment images were then fed to the next script,
Ganzen_Spectral_v04_TestW, whose main task was to localize all the molecules it could
within the space channel and determine their peak emission wavelength by looking to
their corresponding bright spot in the spectral channel. This information was then handed
to our final bit of code, Track_Spectra_Change_over_Time_v01W, which generated
histograms displaying the frequency with which a range of spectral shifts took place
within our batch of experimental images.
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RESULTS AND DISCUSSION

Emission Intensity - Calcium Ion Tests
Below, please find the results of our four trials testing the effect of Ca2+ ions on
the emission intensity of Dendra2. These results are synthesized in four graphs labeled
Graph 1-4, and display the average number of photons emitted per pixel, an effective
measure of emission intensity. Note that the average we reference is a spatial one: we
choose a specific rectangular area within the fluorescing cell, and record intensity values
for each pixel within this area. We then average the intensity values over this area and
convert this intensity value into an average

number of emitted photons. Thus, for each

frame we generate an average intensity value in terms of number of emitted photons per
pixel. Note that the dotted, red, “exposure” lines mark exposure to the Ca2+ ion solution,
while the dotted, blue, “wash” lines mark the washing off of the Ca2+ ion solution with
the control solution.
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Graph 1: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our first calcium test.

Graph 2: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our second calcium test.
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Graph 3: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our third calcium test.

Graph 4: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our fourth calcium test.
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Observing Graphs 1-4, it immediately becomes apparent that calcium most
probably does not have an effect on the emission intensity of Dendra2. The overall
downward trend that we see in all four of our trials is attributed to the natural decrease in
emission intensity that occurs over time as Dendra2 fluoresces and inevitably
photobleaches. Of the twenty distinct times we exposed Dendra2 to our Ca2+ ion
solution, we only saw an obvious increase in emission intensity four times, these being
after the last exposure in our first trial, the first exposure in our second trial, and the first
and last exposure in our third trial. Our fourth trial provided us with what could be seen
as an increase in intensity after our first exposure, however, we actually find an average
photon per pixel count of 50 both before and after our exposure when we average our
count values over the thirty frames shown. Our fourth trial also provides us with the
most clairvoyant evidence that Ca2+ ions may not have an effect on the emission intensity
of Dendra2, and that perhaps the occasional increase we do observe is in fact due to what
is essentially “fluorescent noise” present in our cell sample: we see an increase in
intensity after we wash off our Ca2+ ion solution for the second to last time. Because we
permeabilized the cell membranes of our test cells, it is all too probable a possibility for
Dendra2 to escape the confines of our cell and end up floating about in our petri dish as a
rogue fluorescent agent. At the moment, this is in fact the best reason we have for why
we occasionally observe increases in emission intensity. As opposed to it being caused
by the presence of Ca2+ ions, some Dendra2 likely floated into our camera’s field of
view, thus increasing our recorded value for emission intensity.
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One final trend worth noting here is that we only ever observe increases in
emission intensity at either the beginning or the end of our trial. What this indicates, if
anything at all, must unfortunately be left unanswered until further experiments are
conducted.
We do wish to confirm with a higher degree of certainty that Ca2+ ions do not
have an effect on the emission intensity of Dendra2. This means performing a few more
trials in order to potentially reproduce our results shown here. We also wish to perform a
few trials in which we do not expose our Dendra2 to any Ca2+ ions at all. This way, if we
see the same increase in intensity that we do here, it will be even more of an indicator
that calcium is not responsible for such a response. It will also provide us with a base
knowledge of how the emission intensity of Dendra2 naturally decreases over time. This
way, we’ll be able to fully test our original hypothesis that Ca2+ ions decrease the
emission intensity of Dendra2. Without a base rate of emission intensity decay, how are
we to know if our Ca2+ ion associated decay is any greater or less than what is normal?
Likewise, we also wish to perform trials in which we only expose Dendra2 to our Ca2+
ion solution, so that we might compare its emission intensity decay rate to that of our
control.

Emission Intensity - Hydrogen Ion Tests
First Experiment
Below, please find the results from three cells testing the effect of H+ ions on the
emission intensity of Dendra2. These cells expressed Dendra2 in their cytosol, and the
H+ ion solution unknowingly had a reflective tint to it, influencing our intensity results.
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These results are synthesized in four graphs labeled Graphs 5-8, and display the average
number of photons emitted per pixel for each frame in our video. Note that the dotted,
red, “exposure” lines mark exposure to the acid solution, while the dotted, blue, “wash”
lines mark the washing off of the acid solution with the neutral pH control solution.

Graph 5: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our first acid test.
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Graph 6: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our second acid test.

Graph 7: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our third acid test.
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Each time we expose Dendra2 to our H+ ion solution, we observe obvious
increases in its emission intensity. These increases were even directly observable on the
camera during imaging sessions as we passed our pH=6.05 solution into the chamber
each time. Our first acid trial yielded an average increase in average photons per pixel
count of 37% ± 5%. Our second acid trial yielded an average increase in average
photons per pixel count of 29% ± 2%. Our third acid trial yielded an average increase in
average photons per pixel count of 57% ± 3%. All these increases in emission intensity
can be attributed to the reflective tint of our H+ ion solution used in this trial, as will be
shown by the absence of any increase in fluorescence in the results for our following trial
that utilized a totally transparent H+ ion solution.
Note in Graph 6, acid trial 2, just after our first wash, we observe a massive spike
in average photon per pixel count. This should not be attributed to anything except
fluorescent noise. As commented on in the previous calcium ion test results section, it is
possible for free floating Dendra2 to find its way into our field of view, thus briefly
increasing our photon count. This increase in emission intensity should not be associated
with the washing off of H+ ions, despite the two events’ close proximity to one another.
The same could be said about the great increase in emission intensity observed at almost
the same time as the third exposure in our first acid trial.
Perhaps the most interesting result of this experiment is that we observe periodic
fluctuations in our emission intensity. This is shown in greater detail in Graph 8, which
contains a portion of our third acid trial just after our first H+ ion exposure.
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Graph 8: Displays the periodic nature of our emission intensity
We find the approximate period for emission intensity oscillations in acid trial 1 to be
21.49 ± 0.19seconds. We find the approximate period for acid trial 2 to be19.77 ±
1.54seconds, and for acid trial 3 we find it to be 21.06 ± 0.52seconds. Indeed, most of
the times between peaks in our three trials we find to be around 20 to 21 seconds, the
only exception being the time between the third and fourth peaks after our first exposure
in acid trial 2, which was 17.84 seconds. There is nothing we know of within our
experimental set up that oscillates on this time scale, and thus could be attributed as the
cause of these oscillations. We also do not have consistent peak-to-trough distances
across our oscillations, as these values can range anywhere from between 1 and 3 photons
per pixel. We do not believe that this periodic motion is in response to low pH, as it is
still somewhat visible after washing our Hydrogen ions off, particularly in Acid Trial 2.
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Second Experiment
Below please find the results from three of the eleven cells tested in our second
acid experiment. The findings between the eleven cells tested were consistent, but we
present the three clearest depictions of these results here. This experiment utilized cells
whose hemagglutinin was tagged with Dendra2. These results are synthesized in three
graphs labeled Graphs 9-11, and display the average number of photons emitted per
pixel for each frame in our video. Note that the dotted, red, “exposure” lines mark
exposure to the acid solution, while the dotted, blue, “wash” lines mark the washing off
of the acid solution with the control solution.

Graph 9: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our sixth acid test.
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Graph 10: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our seventh acid test.

Graph 11: Displays the average number of photons per camera pixel collected after our
cell was exposed to the test and control solutions for our eleventh acid test.
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As was expected, exposure to low pH caused the emission intensity of Dendra2 to
decrease rapidly, while exposure to a neutral pH solution afterwards actually marks an
increase in the fluorescence of Dendra2. This can most easily be seen looking to Graphs
9 and 10, while Graph 11 shows the more common trend of our acid trials in this
experiment: A sharp decrease in fluorescence, followed by a more gradual decrease after
about the first 400 frames or so. It is unclear why acid trials 6 and 7 so clearly
demonstrated the emission intensity of Dendra2’s dependence on pH and other trials did
not.
We also observe the same periodic motion to our emission intensity as we did in
our previous experiment regardless of our cell’s exposure to a low pH solution. The
period of this motion occurs on time scales of 10 to 18 seconds. The peak-to-trough
values are also much more variable than in previous trials, now ranging in magnitude
from 1 to 6 photons per pixel.
It is tempting to attribute these oscillations to the newest variable in this
experimental set up: the perfusion chamber. However, nothing within the design of our
perfusion chamber oscillates on these time scales.
Like with our calcium tests, we would benefit greatly from experimental trials in
which we solely expose Dendra2 to either our control solution or our low pH solution. It
would also allow us to observe the oscillatory behavior of our emission intensity on a
longer scale, as all our current exposure times are on the order of one to two minutes
maximum. Indeed, if these oscillations can somehow be attributed to our perfusion
chamber, we may not observe them at all when we are no longer flowing different
solutions in and out of our petri dish every one to two minutes.
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Emission Spectrum Tests
Calcium Ion Experiment
The second goal of this experiment was to determine whether or not Ca2+ ions had
any effect on the emission spectrum of Dendra2. Unfortunately, we were unable to draw
any such conclusions on this matter, as we were not set up to obtain calibration images at
the time of this trial. We had hoped to be able to observe by eye any changes in our
emission spectra, however this proved to be unrealistic, especially given the blurry,
washed out quality of our spectral channel in this particular trial.
Hydrogen Ion Experiments
We ran into similar problems in our attempts to analyze the images obtained from
our H+ ion experiments. The images from our first trial, for which we did not obtain
calibration images, proved equally as difficult to analyze by eye as those from our
calcium trials. We were able to obtain calibration images for our second trial and went
about running our images through the sequence of spectral analysis code laid out in the
procedure section of this paper. The calibration script meant to fit a quadratic polynomial
to the data points detailing the relationship between spectral shift and wavelength was
unable to adequately do so due to the apparently poor quality of the calibration images.
A quality calibration results in a clear relationship between spectral shift and wavelength
along with a reasonably strong fit to the data points obtained from each of your imaged
wavelengths. An example of a quality calibration can be seen below in Graph 12 which
was generated by the graduate student Prakash Raut. The calibration results generated
from the calibration images from our second acid experiment can be seen in Graph 13.
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Graph 12: Displays the relationship between spectral shift in pixels and
wavelength in nanometers for a quality calibration between the spectral and space
channels of our images.

Graph 13: Displays the relationship between spectral shift in pixels and
wavelength in nanometers for a poor calibration between the spectral and space channels
of our images.
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Right away one can see many problems with the calibration from our second acid
experiment. First, were this quadratic polynomial fit accurate, we’d find the same shift
values for multiple wavelengths, making wavelength identification almost impossible.
Second, our data points themselves don’t follow a specific trend near as well as the data
in Graph 12. Finally, our calibration code seems to believe the spectral shift associated
with our 635 nm wavelength is around 900 pixels, nearly double the size of our entire
image. Indeed, the scale for our y-axis is much too large to be accurate.
We attempted to utilize the calibration from Graph 13 regardless of its
inaccuracies in the hopes that we could still obtain qualitative information about the
spectral shifts present in our acid test images. Unfortunately, this also proved not to be
totally fruitful, as the spectral shifts identified by the
Track_Spectra_Change_over_Time_v01W.mat script were all much smaller than our
localization precision. This precision varied from image frame to image frame, ranging
anywhere from 36 nm to 151 nm, much larger than the largest potential shift we
identified at 7 nm.

CONCLUSION

This project endeavored to determine what effect Ca2+ and H+ ions had on the
fluorescent properties of Dendra2, specifically its emission intensity and emission
spectrum. Preliminary findings suggest that Ca2+ ions have no effect on the emission
intensity of Dendra2. H+ ions were also found to decrease the emission intensity of
Dendra2, a finding that agrees with the results of previous experiments. An interesting
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discovered artifact are the oscillations in emission intensity present in our H+ ion tests,
the cause of which remains unknown. We were unable to reach any conclusions about
the effects of Ca2+ and H+ ions on the spectral properties of Dendra2. Finally, our
perfusion chamber was successful in regulating our cellular environments, taking as little
as two seconds to flow out old solutions and introduce new ones. We hope to perform
more experiments in which we endeavour to discover the cause of the oscillations of
emission intensity. Furthermore, we hope to properly calibrate the relationship between
our space and spectral channels so that we might quantitatively analyze the effect of these
ions on the spectra of Dendra2, including the frequency and magnitude with which it
spectrally wanders.
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