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Blinking of Fluorescence Dyes as an Intracellular Biosensor:
A k-Space Image Correlation Spectroscopy Approach

Many intracellular processes invalve the transport of
biomolecules across organelles. Understanding complex
biomolecular pathways requires techniques that probe
transport dynamics and local intracellular conditions. The
environment-dependent photophysics of fluorescel
offers an avenue for in vivo biosensings k-space ima
correlation  spectroscopy is an ensemble measurement
technique for photophysics and transport dynamics of kot
subdiffractive molecules. This project aims to study the N «<—~
dependence of the blinking rates of fluorescently labelled \ =
biomolecules on their environment. This is investigated via ko, K,
simulation and Cy5 dye in the presence of photostabilizing /
agents. Furthermore, a microfluidic device was designed to
mimic cellular compartmentalization for future works

k-Space Image Correl

k-space image correlation spectroscopy temporally correlates spatially Fourier
transformed image ROls from an image series, yielding the reciprocal space
correlation function, r(k, ). Dynamic quantities, including blinking and transport,
of the fluorescently labelled species can be extracted from r(k, ). Ensemble
measurement allows for rapid convergence of the correlation function, minimizing
the requirement for long acquisition times and temporal sampling

Real Space vs k-Space Visualization
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Temporal Autocorrelation of k-Space Image Series
1) Acquire image series 2) Perform 2D spatial 3) Perform autocorrelation and
and select RO Fourier transform on each fit with correct analytical model.
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4) Extract parameters of interest from fit model to k-space autocorrelation.
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Blinking Transport
Blinking

1) Perform circular
averaging for each time
lag time lag
zjl

3) Plot the intercepts as a
unction of time lag and it with
simple kinetic blinking model

2) Plot logarithm of the
autocerrelation for each

Blinking Simulation via Gillespi ithm
A simulation of blinking dyes undergoing diffusion was developed to validate the K
image analysis. The Gillespie algorithm was used to model stachastic fluorophore blinking
A two compartment simulation model was analyzed with kICS
Two Compartment Model
Shift ROl horizontally and extract blinking
rates with kICS
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The incoming laser undergoes total internal reflection
D just past the critical angle. An exponentially decaying
# evanescent wave is produced at the point of internal
—_) Emssan  reflection. The fluorescence is collected by an sCMOS
Fiter

camera. The camera frame rate limits the temporal

Experimental Mett Microfluidics

A microfluidic device, compatible with total internal
reflection fluorescence microscopy. was designed to
replicate transport between intracellular compartments.
The laminar flow present in microfluidics was utilized
to generate two compartments that the fluorophore
dye can cross via diffusion

Design Validation: Simulations +
Simulations were used to analyze flow within device designs. The following pipeline was

developed and implemented |

7

3) Pythen simulation of
particles flowing in cevice
with imaging parameters

2) Estimate fluid speed within
channel using COMSOL

1) Microfluidic device
designed in Fusion360

Device Fabrication: Stereolithography
d prototyping cost-effective microfluidic. using 3D resin pri

g was developed

1) CAD design 3D printed. 2) Resin print post-processing

3) PDMS molding and attachment
to ensure PDMS will cure, &

to microscope coverslip.
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Blinking Simulation: Biological Compartmentalization
Simulated diffusing fluoraphores through compartments with different blinking. The
blinking rates returned from shifting the kICS ROI (in red) across the image had an
increased precision of boundary lacalization compared to an intensity profile (in biue)

The diffusion coefficient recovered was 0.03 # 0.01 pm?/s (input was 0.01 um?/s).
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Microfluidic Device: Simulated Compartmentalization
The microfluidic device made was compatible with TIRFM and generated a clear boundary
between two compartments.

Microflud: device sath green food o vathin the microfhade dewce dary generated in device with
dge and vaater floveng, illustraling  bang imaged vath 68 i tolal water and 200 nm fluorcspheres
the sharp boundary intemal reflection micoscops. solubon. Fxjbi 506/815 non 4l

Recovering Blinking Rates of Cy5 in Different Conditions
The blinking rates of a Cy5 dye attached to DNA nanotubes, in the presence of BME (-
mercaptoethanol), with and without a triplet state quencher (ergothioneine) were recovered
The off rate significantly decreased in the presence of ergothioneine, supporting that it
increases the photostability of Cy5
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Future Directions

o0 In the future, we aim to introduce liposomes with

DiD into the microfluidic device and apply kICS to

extract the blinking rates i a2  spatilly

heterogeneous environment. Ultimately, we hope

to apply kICS to extract subcellular biomolecular

= trafficking between organelles via changes in
fluorophore blinking.
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A simulation of blinking dyes undergoing diffusion was developed to validate the K
image analysis. The Gillespie algorithm was used to model stachastic fluorophore blinking
A two compartment simulation model was analyzed with kICS
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Shift ROl horizontally and extract blinking
rates with kICS
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Blinking Simulation: Biological Compartmentalization
Simulated diffusing fluoraphores through compartments with different blinking. The
blinking rates returned from shifting the kICS ROI (in red) across the image had an
increased precision of boundary lacalization compared to an intensity profile (in biue)
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Using GPUs to Design a Water Cherenkov Detector

scan for a
digital copy

nEXO? 0vBR??

nEXO is a proposed neutrinoless double
beta decay (0vgp) experiment in *6Xe [1].

0vBB is a Lepton number violating process.
An observation of such a process is an
observation of new physics from beyond
the Standard Model.

Cosmogenic Backgrounds

High-energy cosmogenic muons from the
upper atmosphere travel deep underground
and induce backgrounds to experiments
searching for rare events, e.g. 0vBp.

The Outer Detector

nEXO's Outer Detector (OD), is being
developed in part to account for
cosmogenic backgrounds by tagging the
Cherenkov light of nearby muons [2] as
they pass through a cylindrical water tank.

This study was conducted to determine the
optimal placement of photosensors (PMTs)
to tag cosmogenic muons by their
Cherenkov emission.
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for a Neutrinoless Double Beta Decay Search in
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Study Background Production with
Conventional CPU-based Monte Carlo

2 Break the Relevant Physics out
of the Problem

A NnEXO Outer Detector (OD) in Geant4

ultrapure water \

outer cryostat
\ il

inner cryostat ~
liquid xenon /
time projection
chamber

secondary particles /

(optical photons
y not shown)

muon track
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CPU-based methods are computationally expensive (slow) for

studying high energy particles while ray tracing many photons.

GPU-based ray tracing is at least ~100x faster.

Cherenkov photons
are emitted in a
cone around the
muons’ track [3]

ol S

muons enter the
water with some
zenith distribution [4]

4 Place PMTs in the Outer Detector
According to the Light Map &
Evaluate Muon Tag Efficiency

tag condition: 10 p /PMT, 5 PMT within 25 ns

3]

Build the Physics into a GPU-based
Ray-Tracing Program (Chroma) and
Simulate the Photon Hit Patterns

Component
Name | Wall

I op Cylinder Outer oD

OC Ha Cryostat | Ceiling

% of incident |
light

52.9 39.7 6.8 0.6

The background of this poster is a Cherenkov light
map of muons on the OD’s cylindrical wall, unrolled.

Example non-uniform PMT configuration
reflective surfaces)

3 8 38 8 8 3
Photon Hit Time [ns]

s o

/! J fil 4‘ i

/J )
. U
The muon tagging efficiency of the above PMT

configuration is 84.4 + 0.7 %.
A uniform PMT distribution yields: 76.9 + 0.8 %.
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Single-Electron Spectroscopy on
T McGill Metalloenzymes

What are metalloenzymes?

Enzymes are biological catalysts,
metalloenzymes have a metal cofactor. Goal:

Locate energy levels when a
Why are they important? state is being oxidized or
 Can be used in sustainable energy reduced
generation (ex. Hydrogen fuel) i.e., extracting magnitude of

reorganization energy
What do we ot yet understand?
 Enzymes have large reorganization energies
# Electron transfer (ET) rates are thus hard to
predict

How can e-EFM be useful?

Electrostatic force microscopy can be used to detect charge states of
quantum dots (QD) by tunnelling electrons back and forth between a

QD and a back electrode.

The oscillating electrostatic force will result in peaks in resonance
frequency and damping (dissipation) of the AFM cantilever.

Thus, at the single-molecule level, we can:
 Determine QD density of states (DOS)
+ Measure single-electron tunneling rates

 Observe transitions between quantized nuclear vibronic states [1]

Conducting substrate (back electrode)

AFM tip used as a:
# Sensitive charge detector
# Movable, scannable gate

Energy diagram of system

ey s )

Then, move on to a more
complicated system:

[NiFe]-hydrogenase,
4 electron transfer sites

Abad tal, J. Am. Chem. Soc. (2009)

energy, and tunnelling rate can " be

Vibronic energy, reorga
extracted by e-EFM on Fe(CeHs),

=

) Redox metaloproten

o

(7) Franck-Condon factors (FCF)
"~ associated with redox transitions =/ enzyme redox sites

‘nuclear coordinate

() Map the electronic coupling between

(3) Energetic offsets between redox
=/ centersin snzvmss

€

(a+a)Vy
i

Electron-vibron coupling leads to modified Charging rings avoiding to cross each other, Energetic offset, Aég; , found from
transition rates (FCF), allowing reorganization showing coupling between two InAs QD quantized distribution of redox DOS
energy measurements

2

By probing single-electron transfers, e-EFM can be used
to understand redox energetics and electron transfer

rates

@ This will allow us to understand and engineer the
catalytic activity of metalloenzymes to develop
sustainable energy solutions
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http://www.youtube.com/watch?v=sIlNIVXpIns

o

Graph 1 2v33 WM Other Bgds. W 0v33 [—1 Sum ‘

Fid. Vol. Inner 3 t Inner 2 t Inner 1t STEADYV

I T I T T T |l

10°
10°
10*
10°
10°
10°
10°

SS Events
[cts/(0.02 MeV)]

[
o
—

10°
10°
10*
103
102
10?
10°

MS Events
[cts/(0.02 MeV)]

=
o
=

1.0 2.0 3.0 1.0 2.0 3.0 1.0 2.0 3.0 1.0 2.0 3.0 :
Energy [MeV] Energy [MeV] Energy [MeV] Energy [MeV]

From: Phys. Rev. C 97.065503 11



https://journals.aps.org/prc/pdf/10.1103/PhysRevC.97.065503

BpB-like (DNN>0.85)

Bkgd-like (DNN<0.85)

Counts / bin / 10 yr

Counts / bin / 10 yr

Graph 1.1 - Insets

0vBB (T1j2 = 0.74 x 1028 yrs)

Fid. Vol. (3.3 t)

—_
o
S

Inner 2 t

s 20

Other Bkgs.

Inner 1t

—— Sum

—_
S
)

—_
(=}
=)

—_
(=}
S

2.0 2.5
Energy (MeV)

3.0 2.0

2.5

Energy (MeV)

3.0 2.0

3.0

Energy (MeV)

Counts / bin /10 yr

S
@

=
o

=
IS

2.5 2.6
Energy (MeV)

2.7

STEADY

12



Graph 3 ~—

Oext (x10*nm?)

STEADY
Spectre d’extinction optique (disque de 130 nm)

, Courbe théorique
Oext €n fonction de A

18

> il
16 A 101 //
14 A + + +
8 -
12 1 ; + s =
S
10 A ; 4 T 61 \
8 1 \ X N
\ ¢ 4
6 R ¢ e /
.
4 ¢
¢ , ]
2 4
0 T T T T T T 0 . r r r - T
700 750 800 850 900 950 700 750 800 850 900 950
Longueur d'onde A (nm) longeur d'onde A (nm)

40 13



Graph 3 ~—

Oext (x10*nm?)

STEADY
Spectre d’extinction optique (disque de 130 nm)

, Courbe théorique
Oext €n fonction de A

18
16 1 10 1
14 + + +
8 -
12 ; t s s
S
10 * + ; 6
8 - ¢ X N
¢ 4 .
6 ¢ e
¢
4 ¢
2 4
2 4
0 T T T T T T 0 ; - - r - T
700 750 800 850 900 950 700 750 800 850 900 950
Longueur d'onde A (nm) longeur d'onde A (nm)

40 14



Graph 4 ~—

STEADY




=

STEADY



Graph 5

STEADY

Q=450 x104
3r 135
—iiD B
= {3
= 26F )
= =
J By
B 24+ 2.5 g
Yy
2
ma 22 B il 2 Hg
< g
L I~
M 2f fob)
~ M
. 115
1.8
1.6 : : ; . ! 1
0 20 40 60 80 100 120 140

Beam Position [pum]

17



Graph

Muon Tag Efficiency (%)

6

100.00
99.95
99.90
99.85
99.80
99.75

99.70

@ Asym Val 0.0, Freq
@ Asym Val 0.5, Freq
@® Asym Val 1.0, Freq

50

75

100

125

150 175 200 225 250
Number of PMTs

275

o

—

STEADY

18



Graph

Muon Tag Efficiency (%)

6

100.00
99.95
99.90
99.85
99.80
99.75

99.70

@ Asym Val 0.0, Freq
@ Asym Val 0.5, Freq
@® Asym Val 1.0, Freq

50

75

100

125

150 175 200 225 250
Number of PMTs

275

o

—

STEADY

19



Graph 7 ~—
0.005 STEADV

0.004 -

0.003 -

0.002 A

0.000 _‘M-_ a—

0.00 0.05 0.10 0.15 0.20 0.25

Amplitude (a.u.)

o

o

o

=
1

0.00 0.05 0.10 0.15 0.20 0.25
Frequency (Hz) 20



Graph 7 ~—
0.005 STEADV

0.004 A

0.003 -

0.002 A

Amplitude (a.u.)

o

o

o

=
1

0000 7 T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Phase
o

0.00 0.05 0.10 0.15 0.20 0.25
Frequency (Hz) 21




Data Viz 101
STEADY

position shape size

From: https://clauswilke.com/dataviz/aesthetic-mapping.html
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Overview ~

STEADY

e Common things to think about

e Types of plots, and when to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...

e Exercises

23
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Colours N

STEADY

e Common colour blindness

yellow/

e Colour palettes: https://colorhunt.co/

Q 4,059 &, Image @ Link

#FIF6F9 #394867 #212A3E #9BA4BS


https://colorhunt.co/
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e Common colour blindness

e Colour palettes: https://colorhunt.co/
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Colours —

STEADY

e Common colour blindness

e Colour palettes: https://colorhunt.co/

Q 4,059 &, Image @ Llink

#FIF6F9 #394867 #212A3E #9BA4B5S
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Colours 2

STEADY

e Heatmap colour palettes

o singlep e vslinear & omatic
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Colours 2 N

STEADY

MyMap = [zeros(256,1) ,linspace(0,1,256)', zeros(256,1)]
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Memorable Colour Scales —
STEADY

32

Photon hit patterns of Cherenkov light from relativistic muons on cylinder using the viridis colour scale
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Overview —

STEADY

e Common things to think about

e Types of plots, and when (not) to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...

e EXxercises

33



To Bar or Not to Bar
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Distributions!

STEADY

Violins et al.
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Histograms: Binning <=
. > ‘ STEADY
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Histograms vs PDFs/Kernel Density
STEADY

Stacked Histograms Overlapping Densities

) N

From: https://clauswilke.com/dataviz/histograms-density-plots.html
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Stacked Histograms —
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Box Plots
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Box vs Violin Plot
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Violins with Strip Chart —

STEADY
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atoms yr—!

Smoothed Violin Plot

STEADY
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Smoothed Violin Plot —
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Surface vs Contour
STEADY
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Surface vs Contour e
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https://docs.google.com/file/d/1gSe1LFCtmfVgQxH5cFCBxya805VrhCmS/preview
https://docs.google.com/file/d/1bubxB7eoW614vT_dBV014NSQrxOQyPsz/preview
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Isosurface vs Maximum Intensity <&
STEADY
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Isosurface vs Maximum Intensity
STEADY
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Contours e
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Multidimensional Scatter Plots
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Overview —

STEADY

e Common things to think about

e Types of plots, and when to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...

e EXxercises
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Trendlines vs Fits
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Trendlines vs Fits
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Trendlines vs Fits: Summary <=
STEADY

e When doing a fit, make sure to show equations and fit results somewhere!

e When needing a trendline to “quide the eye” either

o Connect the dots by straight lines
o Do some interpolation, e.g. cubic spline fit, but state this!

o Consider showing the “confidence band” as a shaded region

54
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Overview —

STEADY

e Common things to think about

e Types of plots, and when to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...

e EXxercises
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Visualizing Uncertainty

https://clauswilke.com/dataviz/visualizi

ng-uncertainty.html#frequency-framing
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https://clauswilke.com/dataviz/visualizing-uncertainty.html#frequency-framing
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https://clauswilke.com/dataviz/visualizing-uncertainty.html#frequency-framing

Visualizing Uncertainty sr‘s:nv

e When using error bars, you need to state what they are!
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Visualizing Uncertainty
STEADY
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e Common things to think about

e Types of plots, and when to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...
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Schematics: AutoCAD
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Schematics: CAD N
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e Common things to think about

e Types of plots, and when to use them

e Trendlines vs fits

e Visualizing Uncertainties

e Schematics

e Plots that are meant for: papers, posters, talks...

e EXxercises
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File Formats ~—.

Different formats are meant for different media STEADY

Bitmap formats
(.png, jpg)

January
February
March
April

May

June

July
August
September
October
November
December

A P
W AN

L ————
0 25 50 75

mean temperature (°F)

Vectorized formats
(.pdf, .svg, .eps)

From:; https://clauswilke.com/dataviz/image-file-formats.html 69



https://clauswilke.com/dataviz/image-file-formats.html

File Formats <

Different formats are meant for different media STEADY
Examples:
e .png are lightweight, good for online plots (load time)

e .pdf/.svg/.eps are vectorized (“infinite” zoom! %)

e .jpg are generally not great, avoid except for compressed photographs

o But, when taking photos (camera data) use .raw or .tif/.tiff file formats!
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File Formats <

General rule when making plots and saving them STEADY

save high-dpi (600+) .png files, or a pdf
convert and lower resolutions as needed and when necessary
Examples:

e .pdf/.eps for journals
e .svg for your website

e .png for slide presentations
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Common Tripping Hazards L

STEADY
e Choose the right type of plot

o What is it about your data that you are trying to get across?
e Choose your wisely
o What is the relationship between the data products you are showing?
e Tick marks & axes labels
o always go bigger than the default size
e Pick a plotting package you like, and get good at it — set custom defaults

o e.g. matplotlib style files (.mplstyle)
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Common Tripping Hazards 2 L

STEADY
e Will the plot be printed out?

o Are your lines/points distinguishable in ale?
e Choose the right file type for exporting

o .pdf/.eps for papers, .png/.svg for web
e Always specify what your “error bars” are

o Are they standard errors on mean? std, o 7 Or some confidence interval?
e Don't overuse Jupyter Notebooks

o Good for plotting, not good for coding...
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Exercise ~

STEADY

1. Open the onedrive link on Slack #data-visualization or the indico page
2. Download the .csv file
3. Try plotting the data

4. Upload your plots back to the onedrive!
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Some Resources <
STEADY

Data Visualization:;

e Free crash-course book on data viz: https://clauswilke.com/dataviz/index.html

Posters:

e Audience should be able to get these items without you being present
o Topic
o Main method / workflow
o Conclusion

e Check out #betterposter on YouTube

79


https://clauswilke.com/dataviz/index.html
https://www.youtube.com/watch?v=SYk29tnxASs

Fantastic Software Packages
& Where to Find Them _ STERDY

e Python: Matplotlib, seaborn
o Consider editing your default .mplstyle file
e Matlab: (basically matplotlib)

e Web pages: plotly (javascript)

i

e W CNBSTIC b :
. Software Packages [



https://matplotlib.org/
https://seaborn.pydata.org/
https://www.hfstevance.com/blog/2019/7/22/matplotlib-style

