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Abstract

A home-built imaging system is designed and characterized which can capture fluorescence over two
spectral dimensions (excitation and emission wavelengths) and two spatial dimensions (x and y), at an
acquisition rate fast enough to study dynamic chemical systems which change over time (t) and exhibit

both complex spectra and spatial inhomogeneity.

Fluorescence excitation-emission matrix (EEM) spectroscopy can identify compounds based on their
unique fluorescence fingerprint, but the acquisition rates of conventional techniques are too slow and
restrict applications of EEM spectroscopy to static solutions. Furthermore, none of the EEM systems
reported to date provides spatial information on how fluorescence EEM signatures may differ in an

inhomogeneous sample.

The imaging system described in this thesis uses a fully programmable light source to illuminate a sample
with many wavelengths simultaneously, instead of one at a time. Our approach is based on Hadamard-
transform (HT) multiplexing and can decrease the acquisition time 500-fold compared to conventional
methods. By coupling the programmable light source to an eight-channel snapshot hyperspectral camera,
the emission and excitation response can be measured for each of the 256x256 pixels in an image —
producing 65,536 EEM spectra in less than 8 seconds. A tensor-rank decomposition method, parallel
factor analysis (PARAFAC), is employed to distill the five-dimensional (x, y, Zex, 4em, t) dataset to the
component fluorophores, whose kinetics and chemical transformations can then be studied independently

of one another.

The HT-EEM imaging system is demonstrated with two fluorescent dyes (rhodamine B and fluorescein)
in a mixture with different solvent phases. The fluorescence EEM of each dye is identified both spatially
and spectrally. One hundred 4D images are acquired over 13 minutes while the mixture is heated, to study
the thermal quenching effects on Rhodamine B. The applicability of this technology towards high-

throughput assays and information-rich fluorescence microscopy is briefly discussed.
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Chapter 1

Introduction

Fluorescence detection is a powerful technique for identifying and quantifying chemical compounds in
variety of environments and applications. Materials that fluoresce are ubiquitous in many fields of science
including astronomy, biology, medicine, food science, and environmental studies — as well as in a variety

of chemical fields, from fluorescence imaging to separation science.

Fluorescence spectroscopy methods are wide-ranging, and can be resolved in either spectral domain (e.g.
laser induced fluorescence studies of molecular excited states), the spatial domain (fluorescence imaging),
the temporal domain (fluorescence lifetime measurements), or a combination thereof. Spectral
fluorescence methods include techniques in fluorescence spectroscopy where the primary goal is to obtain
a fluorescence spectrum of the sample in the excitation, emission, or, in some cases, both dimensions.
Spatial fluorescence techniques focus on capturing images of fluorescing materials in the x, y, and
sometimes z spatial dimensions. Temporal fluorescence techniques include both, fast fluorescence
lifetime measurements in the nanosecond domains, and fluorescence-based kinetic studies (microseconds

or longer). Each fluorescence method utilizes these domains to find solutions to applications.

One common spectral fluorescence method includes laser induced fluorescence (LIF), which measures an
emission spectrum at a single excitation wavelength using a laser. By limiting the excitation to just a
single wavelength, the acquisition of emission spectra can occur fast enough to resolve fluorescence
temporally over the course of a capillary electrophoresis (CE) separation, i.e. with a time resolution of
higher than 1s. Fluorescence detectors using UV excitation are commonly included in commercial

capillary electrophoresis systems and have been used extensively for the detection of DNA and protein.t 2

The information content in a fluorescence measurement can be dramatically increased by acquiring
emission spectra using many different excitation wavelengths which produces a two-dimensional contour
of fluorescence called an excitation emission matrix (EEM). EEM spectroscopy can be highly resolved in

1



both spectral domains and can be used to find the fluorescent fingerprint of molecules in complex
mixtures. Its applications span the food industry,® 4 environmental monitoring,® and monitoring oil
lubricant lifespans.® 7 Unfortunately, conventional EEM spectrometer designs have low temporal
resolution, since typical EEM spectrometers (e.g., Varian Cary Eclipse) scan sequentially through both
the emission and excitation, which can take between 20 minutes to an hour to obtain a single, high-
resolution EEM spectrum. Newer designs of EEM spectrometers, such as the Horiba Aqualog, replace the
emission scanning monochromator with a dispersive charge-coupled device (CCD) detection system, and
can reduce acquisition time to a few minutes. Peng et al. also demonstrated a prototype design in which
the excitation light source was replaced with a Michelson interferometer to decrease acquisition time

using Fourier multiplexing.®

Recently, the Loock group has designed and patented an EEM spectrometer with a fully programmable
light source that reduces the acquisition time for a single EEM 500-fold compared to conventional
designs.® The light source takes advantage of the Hadamard-transform-based multiplexing, which uses
sequences of excitation spectra, each consisting of a unique combination of wavelength channels.*® This
decrease in acquisition time allows EEM spectroscopy to be resolved in the temporal domain, and has
since been applied to study the kinetics of stop-flow reactions,* as a detector for HPLC,'? and is currently
being used as an on-line monitor to study the degradation of oil lubricants in as-yet unpublished work
from our colleague Travis Ferguson at Queen’s University. However, as of now, EEM spectroscopy is

limited to sampling a single point in space and possesses no spatial resolution capabilities.

In the spatial domain, fluorescence spectroscopy has been used to image assays and gel electrophoresis
(e.g., Southern,® northern blot!*). DNA or RNA may be tagged or stained with a fluorophore, and the
separated gel imaged.t® The fluorophore’s emission highlights how far the DNA or RNA has traveled, and
can be used to infer properties of the sample (molecular weight, charge etc.). In two dimensional
difference gel electrophoresis (DiGE), multiple fluorophores may be used at different emission

wavelengths,® however this technique is limited by the spectral resolution of the imaging spectrometer or



camera. As a result, the dyes must have sufficiently different emission peaks to be resolved in the spectral
domain. Almost all examples use labelling of target analytes with a fluorescence tag and there exist very

few examples of spatially resolved fluorescence spectroscopy, using native fluorescence.

Fluorescence microscopy is perhaps the best-known example of imaging fluorescence. These methods
provide high spatial resolution of samples such as tissue and cells tagged with fluorescent dyes in many
biological applications. Wide-field fluorescence microscopy typically uses emission and excitation filters
to select for a single fluorescent tag at a time and captures two dimensional images in the x and y
dimensions. The spatial resolution of wide-field fluorescence microscopy is ultimately diffraction limited,
although recent development in super-resolution imaging®’ and single molecule fluorescence detection?®
19 have led to breakthroughs in biological imaging. Because the entire image is captured in a single
integration time, wide-field microscopy is fast compared to other scanning techniques. Sinclair et al.?® has
developed a hyperspectral wide-field fluorescence microscope which couples a push-broom hyperspectral
camera with an excitation laser and an objective. It can capture images with a spectral resolution of 3 nm
across 490-900 nm (~136 channels), and a spatial resolution of 30 um in a 20 mm by 60 mm area. The
time to measure the entire hyperspectral image is 5 minutes, due to the limitations of scanning techniques.
A popular example of a spatial scanning technique is confocal laser scanning microscopy (CLSM), where
excitation and emission light pass through a pinhole to focus on a single spot on the sample. The x and y
dimensions are raster scanned, and because the pinhole aperture focuses the light on a focal point, the
depth of the sample can be measured in the z dimension as well. Typically, confocal microscopy is
performed at a single excitation or emission, however designs with multiple lasers and/or multiple
emission detectors are now available commercially (Leica). Because of the slow image acquisition, raster

scanning limits this method to non-living static samples.

Total internal reflection fluorescence microscopy (TIRFM) is a method for imaging analytes of interest
close to a cell’s membrane, where a laser or arc lamp is shone through a glass slide beyond the critical

angle, and the evanescent wave excites the fluorophores close to the glass slide. The emission is then



captured through an objective lens and detected on a CCD camera. TIRFM has excellent sensitivity and
spatial resolution however is typically used with only one or two fluorescent tags. Multispectral imaging

is possible, if several excitation filters or several excitation lasers are used instead of just one.?

Considering the considerable advantages offered by EEM spectroscopy in identifying and quantifying
molecules through their native fluorescence an ideal fluorescence imaging system would allow the
recording of a full EEM for each pixel in an image. There are, indeed, several methods which combine
EEM spectroscopy and imaging techniques to gain even more information in the spectral and spatial
domains, however few achieve this with either good time resolution, or with EEM for each pixel in the
image. In the food industry, Rahman et al.?? evaluated the freshness of frozen shrimp by first sampling a
single spatial point on the shrimp sample with a fiber probe coupled to an EEM spectrometer, and then
separately imaging the shrimp at a single excitation wavelength and several emission wavelength using a
CCD camera and a filter wheel. The dataset consists of a 3D hyperspectral image of X, y, and Aem, and
then separately a contour of the excitation and emission at a single x, y point on the shrimp. Abamba et
al.2% used a similar technique to identify adulterated extra-virgin olive oils, where the olive oil EEM
spectrum was measured in a cuvette in the EEM spectrometer, and the sample was subsequently imaged
with an RGB camera under UV and also visible lighting conditions. In medical applications, Herzka et
al.?* used magnetic resonance imaging (MRI) and EEM spectroscopy to demonstrate how EEM spectra
could be used in vivo for tissue characterization. They coupled an EEM spectrometer to a bifurcated 7.0 m
long fiber probe and used MRI to guide the probe through a plastic “phantom” (a stand-in for human
tissue used commonly in medical imaging) and sampled fluorescent dyes within. Here, again, EEM
spectroscopy is being used to provide high-resolution spectral information, while a separate imaging

technique is required to provide any spatial information.

The goal of this work is to develop a fluorescence imaging system which rapidly captures data in five
dimensions: the x and y spatial dimensions, the excitation and emission wavelengths, and time. A system

of this kind could characterize complex mixtures of fluorophores which may not be spatially



homogeneous. Presently, in imaging, microscopy, and assays, fluorescent analytes are required to be
spectrally distinct from one another so that their emission spectra do not overlap. Including the additional
excitation dimension allows for separation of these overlapping emission spectra. Imaging can also allow
EEM spectroscopy to be applied to high throughput assays. If a series of samples can fit within the field
of view of the hyperspectral camera and be illuminated by the light source, the samples can be measured
in parallel, since every pixel in the image corresponds to an EEM. Leveraging fast acquisition techniques
our group has developed (Hadamard Transform fluorescence EEM spectroscopy) allows for temporal
resolution of the spectra, such that kinetics of complex reactions can now be studied in more dimensions

than ever before.

1.1 Summary of Contributions

0. Katz designed and built the HT EEM imaging system and wrote the code for the acquisition and
imaging processing graphical user interfaces described in Chapter 3. T. Ferguson consulted on the design
and assisted in troubleshooting. The original programmable light source was developed by N. Andrews,
H-P. Loock, and O. Reich, and filed as a patent in 2017. H-P. Loock conceived the HT EEM imaging
system. A provisional patent was filed for the HT imaging system with the United States Patent Office on
March 31, 2022. This imaging system was also presented at the 2022 Graduate Student Research Day at

UVic.

0. Katz ran the temperature ramp experiments, collected the data, and analyzed the results described in
Chapter 4. H-P. Loock conceived the experiment. The work was presented at the Canadian Chemistry
Conference and Exhibition in Calgary, Canada on June 15, 2022, and at the Optical Industrial Optics

Topical Meeting in Dublin, Ireland on July 26, 2022.



Chapter 2
Background

2.1 Fluorescence

Fluorescence is the absorption of a photon by a molecule or atom, followed by the emission of a photon at
longer wavelength. Fluorescence occurs when an electron in the molecule or atom is excited to a higher
molecular or atomic orbital and the corresponding electronically excited state relaxes to the ground state
without a change in the spin state of the electron.? This process is shown schematically in the Jablonski

diagram in Figure 2-1.

>
Sl 1 l\
0 Non-radiative transition
Excitation Emission
hv hv
3
2 \ 4
So 1 . N
0 \ Non-radiative transition

Figure 2-1 Jablonski Diagram of Fluorescence.

Sois denoted in the Jablonski diagram for the singlet ground state of a molecule. Upon excitation by a
photon with energy hv, an electron is promoted to form an excited state of that energy. In the diagram it is
shown by S; for the first singlet excited state, however formation of higher electronic excited states is also
possible. Through non-radiative processes, the molecule can relax to the ground vibrational level of the

excited state. Then, upon relaxation to the ground electronic state, a photon is emitted with the equivalent



energy of the transition. The difference in the excitation energy and emission energy is known as the
Stokes shift, and in general, the shift to longer emission wavelengths than excitation. Aside from the
electronic structure of the sample molecule, the exact fluorescence emission energies are also determined
by the Franck-Condon factors of the respective transitions (depending on the potential energy surfaces of

both states involved) and the electronic environment, e.g., due to solvents or electric fields.

Several processes compete with the relaxation from the excited state to the electronic ground state. These
include intersystem crossing where instead the electron changes spin states from the singlet state to the
triplet state. The resulting emission from the triplet state is called phosphorescence. Another competitive
process is internal conversion, where the excited state energy is lost to nonradiative relaxation in the
vibrational states of the ground state. Energy transfer to another molecule, can also lead to de-excitation
of the molecule and may lead to emission from the second molecule, such in a Forster Resonant Electron
transfer (FRET) process or to quenching of fluorescence. Since not all photons which are absorbed
necessarily result in an emission, this ratio of photons emitted to photons absorbed is described as the
guantum yield,

_ photons emitted (1)
photons absorbed

where a molecule with a 100% quantum yield would emit a lower-energy photon for every photon

absorbed.

Fluorescent molecules are also called fluorophores, and many organic fluorophores typically have a high
degree of aromaticity in their structure. When the & orbitals of a molecule overlap, this is called
conjugation. Conjugation stabilizes the = and 7" orbitals in the molecule and decreases the gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
The HOMO-LUMO gap dictates the minimum energy required to excite an electron from the ground state
to the excited state. Many molecules with long n-conjugated systems are fluorophores with high quantum

yield,? such as rhodamine dyes and fluorescein.



2.2 Fluorescence Spectroscopy

Spectroscopy is the study of electromagnetic radiation, and its absorption and emission in materials.
Depending on the material properties of interest, one selects the corresponding wavelength range in the
electromagnetic spectrum; for example, to identify functional groups in organic molecules, infrared
absorbance spectroscopy is used to excite the corresponding molecular vibrations. To study fluorophores
and their electronic excitation/relaxation energies, spectroscopists use fluorescence spectroscopy in the

ultraviolet and visible range of the spectrum.

Instruments that measure a spectrum are called spectrometers and a diagram of a typical fluorescence
emission spectrometer can be found in Figure 2-2. The instrument consists of a light source, a dispersive
element to separate the emission into its component wavelengths, and a detector to measure the emission
wavelengths. The single excitation wavelength is supplied usually by lasers which inherently have narrow
linewidths. Alternatively, a broadband source coupled with either a filter or a monochromator can provide
a sufficiently narrow excitation wavelength range. To disperse the emission light, a monochromator is
used, such as the Czerny-Turner monochromator?” shown in the example below. Light emitted from the
sample passes through the entrance slit, is collimated, and then is dispersed off a diffraction grating. The
dispersed light is then refocused, and a single wavelength passes through the narrow exit slit to the
detector. The detector can be a single point broadband detector, such as photomultiplier tube (PMT), or a
avalanche photodiode. To scan across the spectrum, the grating is moved, changing which wavelength of

light passes through the slit to the detector.

Alternatively, a linear array photo detector, such as a CCD, can be placed in the plane of the exit slit, and

the entire spectrum can be recorded at once across the pixels of the CCD.



exit slit

-) I focusing

detector mirror
diffraction
grating
CC I collimating
i mirror
Light
source entrance slit

sample

Figure 2-2 Diagram of a Typical Fluorescence Emission Spectrometer.

The spectrometer described above is one out of many possible designs, and there are countless variations
by altering the detector, emission monochromator/geometry, and excitation light source. For example,
time resolved fluorescence spectroscopy can measure the fluorescence decay, using a pulsed laser as the
excitation light source and a variety of detection techniques (Time Correlated Single Photon Counting,?®
intensified CCD cameras,? etc.). Fluorescence excitation spectroscopy can also be performed, where
instead the excitation wavelength is scanned using a monochromator and emission is only collected at a

single wavelength, producing a line-scan of the excitation spectrum.*

The applications of fluorescence spectroscopy are far ranging. It is used in biology and medicine to tag
relevant biomolecules,® perform single molecule detection,*? and characterize dissolved organic matter
(DOM) in the environment.®* 3 Fluorescence excitation spectroscopy has applications in studying
However, fluorescence is a phenomenon that is defined by two dimensions: excitation and emission. A
technique where both dimensions are characterized can provide additional information that a 1-

dimensional technique cannot.



2.3 Fluorescence Excitation Emission Matrix Spectroscopy

Fluorescence Excitation Emission Matrix (EEM) spectroscopy is a technique where a sample is excited
across a range of wavelengths, and its emission is measured across a range of wavelengths. The series of
spectra form a matrix, referred to as an EEM, and are plotted usually as a two-dimensional (2D) contour
map or colour map. The height of the contour corresponds to the intensity at a given excitation and

emission wavelength.

EEM spectroscopy is advantageous compared to one-dimensional (1D) spectroscopy such as either
emission spectroscopy or excitation spectroscopy. In solutions with multiple fluorophores, their emission
spectra can overlap, and peaks can be difficult to resolve. An example of this is shown in Figure 2-3,
where on the left the emission spectrum of fluorescein and rhodamine B are overlapped such that only a
single peak is visible. In EEM however, the spectra can be resolved such that two clear peaks are visible

(shown in the right in Figure 2-3).

Fluorescein and Rhodamine B - Fluorescence Spectrum Fluorescein and Rhodamine B - EEM Spectrum

excitation at 480 nm
600 650

500 /'\\

400

g

300
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Emission wavelength (nm)
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o
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o
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| s

-100 5 : % 450
450 500 550 600 650 440 460 480 500 520 540 560
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Figure 2-3 One-Dimensional Emission Spectrum vs. EEM of two fluorescent dyes.(Left) an emission spectrum where
fluorescein and Rhodamine B are indistinguishable when excited at 480 nm. (Right) the corresponding EEM where fluorescein

and rhodamine B have two distinctly separate peaks (a dotted line indicates the excitation wavelength of the emission spectrum).
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One common design of an EEM spectrometer is shown in Figure 2-4. It consists of two monochromators,
one for excitation and one for emission. The excitation monochromator selects for a single narrow
excitation wavelength by dispersing light from a white light-source and passing only a narrow portion
through the exit slit. This excitation light is used to excite the fluorescent sample, and the emission is then
collected at 90°. The emission light is subsequently passed through the entrance slit of the second
monochromator, which selects for a single narrow wavelength, dispersing the emission light and passing

only a narrow portion through the exit slit towards a broadband detector such as a PMT.

Excitati ..
Xcitation sample Emission
Monochromator Monochromator
exit slit entrance slit
focusing collimating
mirror mirror

diffraction
grating diffraction
grating

collimating n fOCl'.ISII"Ig
i mirror
mirror entrance slit -)

Light detector exit slit
source

Figure 2-4 Schematic for a two-monochromator EEM spectrometer. By moving the grating, the excitation and emission

wavelengths can be selected.

EEM spectroscopy provides high-resolution spectral information, at the expense of acquisition time. To
collect a single EEM spectrum, the spectrometer must scan through each excitation and emission
wavelength sequentially, such that a single high resolution spectrum can take 30 minutes to over an hour
to acquire a single spectrum.®® As a result, EEM spectroscopy is either limited to static, unchanging
systems, or offline reaction analysis where aliquots must be sampled and the reaction quenched to
monitor kinetics - a time-consuming, and error-prone process. Other EEM techniques replace the

emission monochromator with a CCD spectrometer so that each emission wavelength can be measured
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simultaneously. Even so, these systems are still wasteful in light throughput since each acquisition only

utilizes a fraction of the excitation light per integration time.

To address the low data acquisition rate the Loock group increased the “photon-efficiency” of the
excitation light source using a multiplexing technique called Hadamard-transform, and thereby decreased
the acquisition time of EEM spectroscopy. To understand this new spectroscopic method, Hadamard

multiplexing is explained in the following section.

2.4 Hadamard Multiplexing

Multiplexing is the process of combining several signals to be measured at once by a system. The
advantage of multiplexing is most apparent in the improved signal-to-noise ratio (SNR), called Fellgett’s
advantage® or the multiplex advantage. One such multiplexing technique is based on the Hadamard
Transform (HT) and is used in image processing,*” quantum computations,* and importantly,
spectroscopy.l® 113 To help explain the Hadamard Transform, authors Graff“’ and also Marshall** have
used a thought experiment where n rocks are to be weighed j times on a one-pan scale to determine their

mass. This can best be described with linear algebra, as follows,

Hxr=m=e (2)
Where H is a conversion matrix, dictating on the j" measurement which of the n rocks is weighed. r is a
vector for the calculated weight of the n™ rock, and m is a vector containing of the j™ measurements. e is
the error associated with each measurement, which is to be minimized. Assuming the scale has a constant
intrinsic error of £0.1 g, then four rocks can be weighed, one at a time, and the four measurements can be

read from the scale. The true masses of rocks are 9, 6, 3, and 4 grams.

1 00 Oy 9 0.1
01 0 0jfr, _ 6 0.1 (3)
0 01 0jlrn 3 0.1
0 0 0 1jr, 41 101
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Where the conversion matrix describes for which of the four measurements (rows) weigh a given rock
(columns). Because a single rock is weighed at a time, this is described by the identity matrix. To
determine the mass of each rock ry, the conversion matrix must be multiplied by the inverse of itself,
which is trivial since the inverse of the identity matrix is itself. As a result, each of the four masses

measured corresponds to the mass of each rock.

1 00 0]fr] [1 0 0 0][9.0+01
010 0fr,| |01 0 0[60+01
001 0}|r| (00 1 0[30+01
000 1r| [0 0 0 1]/40+01 (4)
] [9.0+0.1
r,| |6.0+0.1
r,| |3.0+0.1
r,| [40+01

What if instead of placing only one rock on the scale at a time, multiple rocks are measured at once?
Replicates can be obtained by multiplexing the measurements, if we are able to work out what the original

masses were for each rock. An example is shown below.

0 1 1 1[r7] [13] [01
110 0|r|_[15] |01 (5)
101 0fr| [12]]01
100 1)r| [13] |01

Here, in the first measurement, all four rocks are placed on the scale, and in the second measurement only
the first two rocks are placed on the scale, and so on. Note the intrinsic error remains the same for the four
measurements. To solve for the mass of each rock, the measurements must be multiplied by the inverse

matrix. Here, it is important to select a matrix that is in fact invertible, such that HH™! = 1. The inverse of

the conversion matrix is found to be
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-1 1 1 1

H‘l—lx 1 2 -1 -1 (6)
3711 1 2 4
1 -1 -1 2

Applying the conversion matrix to both sides of the equation allows the masses of each rock to be found.

r] [-1 1 1 17[13.0+0.1] [9.0+0.067
| |1 2 -1 -1||150+0.1| |6.0+0.088 (7)
n| |1 -1 2 -1|/12.0+0.1| |3.0£0.088
| |1 -1 -1 2|/13.0+0.1| |4.0+0.088

The mass of the rocks has been found, but the mean squared error of all four measurements has decreased
to 0.007 from 0.01. This best illustrates the multiplex advantage: because each rock is weighed multiple

times, the uncertainty in the measurement is reduced and a more accurate value can be achieved.

This analogy can be applied to spectroscopy, where a typical sequentially scanning detector measures
light intensity only one wavelength at a time (akin to the first example with the rocks). By instead
measuring a signal arising from several wavelengths of light at once and then decoding the signal, one can
get an increase in the signal-to-noise ratio (where the noise is the associated error in a spectrometer). To
encode and decode a signal using the HT, the signal is multiplied by a Hadamard Matrix, H;,,, of size m x
m. In this work and previous works by the Loock Group,'%-12 42 the Hadamard matrices are of the Paley

type | construction,*® where Hj, can be defined as:

11 1 1

P R

S R R | (8)
11 -1 -1
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In a two-detector spectroscopic setup, one detector measures the “1” signal, and the second detector
measures the “—1” signal simultaneously. In the application of HT to fluorescence EEM spectroscopy, a
two detector is problematic, since the sample can either be excited (1) or not excited (0)". Instead, the S-
matrix H,, can be used, by setting all 1 elements to 0 and all —1 elements to 1. The matrix is also truncated
by removing the first row and column, such that a mxm size Hadamard matrix becomes a nxn matrix,

wheren =m — 1.

11 1 1

1 -1 1 -1 Lol (9)
H, = — 202 sH.={1 1 0
1 -1 -1 1
011
11 -1 -1

To encode a light source using the Hadamard transform, the light source spectrum with i number of
excitation wavelengths is modulated in the time domain, such that each exposure of the light irradiates
with a different combination of wavelengths, according to the columns of H,,. S is the light source matrix
with n identical rows, where the columns are the spectrum of a light source with i wavelengths channels
(n = i, however i is excitation wavelengths while n refers to modulated spectra). The element-wise

product with H,, gives the sequence of modulated spectra

H,oS=H,| : D= : : (10)

If the integrated intensity of each modulated spectrum is measured, and then multiplied by the inverse

Hadamard matrix, the original light source spectrum can be retrieved.

* It is possible, though, to excite the sample first with wavelengths given by the Hadamard matrix and then next by a
pattern that is derived by switching all values for 1 and 0.
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=H™"x : (11)

The Hadamard transformed source spectra H°S can now be used to excite fluorescence. For each column
in the matrix the fluorescence emission spectrum is measured, e.g., using an array detector. The matrix F
describes n measured emission spectra with j emission wavelengths, that have been excited with the

corresponding n" modulated excitation spectrum. If F is the measured encoded matrix, then,

fll f12 flj Hllsll H12812 oo Hln S1i
: Y= : : xM, ; (12)
fnl fn2 fnj Hnlsnl HnZSnZ HnnSni

F=HSxM

Equation (12) illustrates that the fluorescence spectra in F collected by sequential excitation with
“barcodes” corresponding to the columns in the HS matrix are governed by the EEM spectrum M, where
j is the emission wavelengths and i is the excitation wavelengths. To find the M from the experimentally

determined F, the measured spectra are multiplied by the inverse of the Hadamard matrix

M =[HS] " xF )

As mentioned earlier, acquiring spectra in this manner increases SNR though a much greater photon
throughput. This advantage is especially relevant to fluorescence EEM spectroscopy where spectra take a
long time to acquire. Of course, increased SNR at the same data acquisition time can be traded off with a

shorter acquisition time at the same SNR.
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2.5 Hadamard Transform Excitation Emission Matrix Spectroscopy

The manner in which a light source is practically encoded using the Hadamard Transform is the subject of
ongoing research in our group. We developed two complementary methods to generate multi wavelength
light with fully programmable light sources. One method (developed second) is simply based on a battery
of narrow bandwidth light sources such as (UV-)LEDs or lasers that are controlled by corresponding
drivers. The other method (developed first) instead uses a broadband lights source, here an LED, that is
disbursed on a MEMS device, which allows for a selection of wavelengths. Devices based on other spatial

light modulators, or Fourier-transform optics are conceivable.

Our group also demonstrated that, using Hadamard Transform Excitation Emission Matrix (HT-EEM)
spectroscopy, acquisition times are drastically reduced up to 500-fold from conventional sequential

scanning methods.’® We next describe a previously developed HT-EEM spectrometer.

White light from a light emitting diode (LED) is dispersed spatially across a digital micromirror device

(DMD, sometimes called a digital micromirror array or DMA). The array consists of microscopic mirrors
which can be flipped into an “on” or “off” state, in such a way that wavelengths of the spatially dispersed
light can be turned on or off to irradiate the sample. Emission is then recorded using a CCD spectrometer.

A schematic of the HT-EEM spectrometer can be seen in Figure 2-5.
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Figure 2-5 Schematic of a Hadamard transform EEM spectrometer. Light from an LED source is directed to a cannibalized
spectrometer where it is dispersed into a rainbow of colours that is projected on a digital micromirror array (DMA).
A column of the H matrix is displayed on the DMA, where a 1 is a mirror column in the “on” state and a
0 is the “off” state. The columns are displayed sequentially through time and an emission spectrum is

recorded at each illumination, thus measuring the columns of the F matrix. An illustration of the masks

displayed on the DMD can be seen in Figure 2-6.
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Time

Figure 2-6 7x7 Hadamard Mask sequence. One column of the Hadamard S-matrix is displayed at each integration, and the

corresponding DMD mirror columns are flipped either on (1) or off (0).

With this the HT-EEM spectrometer, we have been able to record EEMs with 127 excitation wavelengths
in as little as 1.6 seconds.* The device has been applied to study several systems where fluorescence is
changing dynamically and would change too fast to acquire using conventional sequential scanning
techniques. For example, the demetallation of chlorophyll-a into pheophytin-a has been studied in the
past, however to monitor the kinetics, aliquots had to be quenched and then measured offline, limiting the
time resolution achievable(16 samples in 9.5 hours).* Using HT-EEM spectroscopy, our group acquires
EEM spectra continuously throughout the reaction, yielding a much greater time resolution (600 EEM

spectra in 2.5 hours) with none of the work required to quench the reaction.°

Another configuration of the HT-EEM spectrometer replaces the DMD light source with a bank of seven
programmable ultraviolet (UV) LEDs, allowing with narrow (~15 nm) bandwidths. This configuration
can study fluorophores with excitation into the UV region, which was previously inaccessible due to a
coating on the DMD mirrors. The spectrometer was used to detect analytes eluting off a high-performance
liquid chromatography (HPLC) column, acquiring EEM at a rate of 6 spectra/second.'? Because of the

added dimensionality in EEM as compared to one-dimensional spectroscopic techniques, the spectrometer
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was able to identify the coelution of two fluorophores which otherwise appeared as a single peak in the

absorbance chromatogram.

Hadamard Transform is a powerful tool for studying the kinetics of solutions, however it lacks the ability
to resolve spatial details in a sample, such as inhomogeneity or changes in features across space. While it
is conceivable that one can raster-scan a large sample using the fiber-probe developed for previous

studies, it is much more elegant to combine our programmable light source with a hyperspectral camera.

We next review, briefly, the most common techniques used in hyperspectral imaging.

2.6 Hyperspectral Imaging

Imagers such as CCD camera sensors capture the intensity of light across a 2D array of pixels, building an
image with dimensions x and y. Monochrome imagers are sensitive to a broad spectrum of light, and so
only provide the value for the integrated intensity across that range. Hyperspectral imaging is a technique
which attempts to resolve the spectrum of light at each pixel in the image, yielding a three-dimensional
(3D) dataset (also called a data-cube) of dimensions (x, y, 4). Modern commercial colour cameras provide
a limited amount of “hyperspectral” or “multispectral” data, as they consist of filter arrays which are
sensitive to broad bands in the visible spectrum that approximate the human eye’s sensitivity to red,
green, and blue light (RGB). However, there is no strict definition on how many wavelength channels
constitute a hyperspectral image vs. a multispectral image. Broadly, hyperspectral imaging techniques can
be divided into two categories, scanning techniques and snapshot techniques,* and are illustrated in
Figure 2-7. A scanning technique builds the data-cube over the course of several integrations, sacrificing
temporal resolution for improved spatial or spectral resolution. Spatial scanning methods include point-
scanning, where the pinhole aperture raster scans through the x and then the y pixels using two mirror
galvanometers, and a spectrum is dispersed and measured on a linear array detector. Point-scanning

detectors were often mounted to satellites and satellites for environmental surveys, moving a mirror
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perpendicular to the direction of flight.*® They are also employed in cancer research for the imaging of

tumours.*’

With the advent of 2D CCD detectors, came another spatial scanning method called the line-scan, where
light from a slit aperture is dispersed by a prism or a grating onto a 2D CCD array, allowing the
measurement of both x and 4 simultaneously. The camera (or alternatively the imaging stage) is translated
in the y direction to capture the entire data-cube. The line-scan method is so aptly nicknamed the “push-
broom” method. Push-broom hyperspectral imaging has applications in airborne environmental surveys of
deforestation,*® the fishing industry,*® % and waste management.®* There even exist schematics for “do-it-

yourself” push-broom hyperspectral imagers.>?

Wavelength scanning techniques involve using the entire 2D detector array to measure the spatial x and y
dimensions simultaneously, capturing several integrations over time to build the 2 dimension. This is
often achieved using filter wheels where each image is captured with a different bandpass filter. These

hyperspectral imagers have been used on several rovers for exploration on Mars.5%

Snapshot techniques capture the entire data-cube in a single integration. Snapshot hyperspectral imaging
sacrifices spatial and/or spectral resolution in exchange for vastly improved temporal resolution compared
to scanning techniques, as only a single integration time is necessary. As will be explained in the
following chapters, our ultimate goal is to use a hyperspectral imager to capture the emission in HT-EEM
spectroscopy. The overall advantage of HT is the decreased acquisition time, which is what informs the
decision in the selection of a hyperspectral imaging technique. Snapshot detection methods are the most
favourable in this application because they can best capitalize on the speed advantage offered by HT,

albeit at the expense of spectral and/or spatial resolution.
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Figure 2-7 Illustration of Scanning vs. Snapshot Devices. The blocks represent cells of the data-cube captured in each
integration. Figure adapted from Hagen and Kudenov.*

The techniques for snapshot hyperspectral imaging are varied. Integral field spectrometry (IFS), contains
an imager that is composed of an array of either mirrors (IFS-M),% fibers (IFS-F),>or lenses (IFS-L),%
which are then dispersed over a portion of the imaging sensor. IFS techniques are often used in astronomy
and produce “tall” data-cubes with high spectral resolution but comparably poor spatial resolution (fewer
pixels). Other snapshot techniques produce “wide” data-cubes, that have good spatial resolution in
exchange for few spectral channels. These include multispectral beamsplitting (MSBS),>® where a series
of dichroic beam splitters (long-pass filters with different cut-off wavelengths) sequentially direct images
in different spectral bands to separate monochromatic imaging detectors. High spatial resolution is
achievable, however light loss from successive passes through the beam splitters limits the technique to
typically four channels.®® One of the most common techniques for compact spectral imagers is the
spectrally resolving detector array (SRDA). It consists of a detector with an array of filters individually
laid upon each detector pixel, similar to the Bayer filters®® that are used in typical commercial “colour”
cameras - just with more wavelength channels.5? The relatively low cost and ubiquity of the SRDA

detector makes it the preferred method for hyperspectral imaging in this work.
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When applied to fluorescence imaging any of these hyperspectral imaging systems produces 3-
dimensional (X, y, Zem) data cubes. In combination with the programmable light source (1ex) we now have
access to a 4-dimensional data “cube” that can be acquired at a high rate (t). Using typical numbers for the
size of these arrays one can estimate the size of the data cube and therefore the memory and storage
requirements. Assuming an image intensity depth of 8-bit (1 byte, 256 intensity gradations), and 256x256
pixels (65,536 pixels = 0.065 megapixel = 0.065 MB at 8-bit) with just 8 colour channels results in a
hyperspectral data cube of 0.52 MB that is acquired with each exposure. Considering that between 8 and
128 excitation channels can be used, the size of the 4D data cube increases accordingly to 4 MB to 66MB.
In a time series of, say 100 such 4D data cubes we quickly run into data management and processing

issues.

Parallel factor (PARAFAC) analysis is then used on the 5D - data cube to help identify the EEM spectra
of the different fluorophores and decompose the EEM spectra of the mixtures into a linear combination of
the EEM spectra of the chemical constituents (the “components"). The group has previously shown that
the linear weighting factors (the “scores”) arising from the PARAFAC analysis can be used to quantify

the changing concentration of the respective fluorophores in solution.

2.7 Parallel Factor Analysis (PARAFAC)

Parallel factor analysis (PARAFAC) is a tensor-rank-decomposition method for fitting multi-way
datasets. It is a useful tool in analyzing EEM, where a dataset often has three or more dimensions. For
example, if a series of samples are analyzed with EEM spectroscopy, then the dataset X would be three
dimensional: excitation, emission, and sample number. PARAFAC models X as the sum of the Kronecker

product of series of three orthogonal component vectors a, b, and ¢ as follows,

N (14)
X=Ya ®b, ®c,
n=1
Where N is the number of unique components. The model can also be described in terms of the elements

of X,
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N (15)
Xije = Zainbjnckn + €
n=1

Where every element x;j is equal to the sum and product of ain, bjn, and cin, and some residual error ejjx
which is to be minimized using an alternating least squares (ALS) method.®® The PARAFAC model is
described graphically in Figure 2-8, where X is some three dimensional dataset (shown as a cube), the
component vectors are spatially orthogonal lines, and the unexplained error is a cube which is to be

minimized.

a a,
C1 Cn
~ + Error

bl bn

|>X

Component 1 Component n

Figure 2-8 Graphical Representation of PARAFAC.

A PARAFAC model of an EEM dataset would result in component vectors which explain the excitation,
emission, and “concentration” or signal intensity for each of the constituents or components. The number
of components is estimated by the user, and a good fit is characterized by the assignment of a unique

fluorophore to one of the components.

In HT-EEM spectroscopy, the third dimension is treated as time, such as in a chromatogram or a kinetic
experiment. PARAFAC is a generalization of principal component analysis (PCA) for higher order
arrays. Thus, it can be used not just for three-way arrays as shown here but four-way and five-way arrays
(and beyond). This is relevant to our goals of imaging EEM spatially, because PARAFAC can explain the

spatial dimension as another vector.
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Chapter 3

Five Dimensional Hadamard-Transform Fluorescence Imaging

The methods developed by the Loock Lab as described in Chapter 2 have introduced the possibility of
Hadamard Transform Excitation-Emission Matrix (HT-EEM) fluorescence spectroscopy in its
demonstration to online monitoring and kinetics. However, current methods only provide single point
detection; they do not supply any spatial information. In this chapter, | will introduce an instrument | have
built that combines the previous HT-EEM method using a custom built programmable light source with a

hyperspectral camera, to obtain spatial data as well as EEM spectral data.

The instrument consists of two parts: a programmable excitation light source, and a hyperspectral camera.
Broadly, the programmable light source is responsible for modulating excitation light and delivering it to
the sample, while the hyperspectral camera captures the corresponding emission light, and resolving it
across two spatial dimensions x and y, while also providing a low-resolution spectrum for each pixel. A

diagram of the imaging system can be seen in Figure 3-1, and each part will then be discussed in detail.
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Figure 3-1 Diagram of the 5D HT Imaging System. The programmable light source modulates the excitation light, while the

hyperspectral camera captures the emission and x and and y spatial information.

3.1 Programmable Light Source

The programmable light source supplies the Hadamard encoded excitation light to the sample and consists
of an LED light source and entrance slit, a spectrograph for dispersing the light, a digital micromirror
device (DMD), focusing optics, and a bifurcated fibre probe to deliver the light to the sample. Each of

these components will be discussed in detail.

3.1.1 Combination Blue-White LED and Entrance Slit

In previous iterations of this programmable light source a white light source is coupled to a fiber bundle.
The fibers in this bundle were arranged into a vertical stack on the other end of the bundle.'® ! By
grouping the fibers in this manner, they form a slit with a narrow width equal to the fiber core diameter. A
narrow entrance slit translates to better spectral resolution. Broadband LEDs such as the Thorlabs fiber-

coupled “warm” white LED pictured in Figure 3-2 have been used previously as the white light source.
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While the appearance of the light colour temperature is a warm white the spectrum is not uniformly flat.
The light source actually consists of a 450 nm LED which optically stimulates emission of a phosphor.
The resulting spectrum shows a comparably sharp peak at 450 nm and a broad emission from 500 nm to

around 700 nm.
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Figure 3-2 Normalized spectrum of warm white broadband LED.(Inset) fiber coupled LED, mounted in a heatsink. Spectrum

obtained from manufacturer specifications (Thorlabs).

Most commercial LEDs have a gap at around 470 nm in their spectrum between the maximum
wavelength of the blue LED and the phosphor emission. Eliminating this gap would allow for more
uniform light intensity across the spectrum and is the motivation behind a new combination blue-white

LED light source described below.

The concept behind the combination blue-white LED light source is to bifurcate the entrance slit fibers
into two bundles: one that is coupled to a broadband white LED (MCWHF2, Thorlabs), and a second that
is coupled to a blue LED (M470F3, Thorlabs) whose emission corresponds to the 470 nm gap in the

broadband LED. An illustration of the design can be found in Figure 3-3.
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Figure 3-3 Diagram of the combination blue-white LED entrance slit. the white and blue LEDs are coupled to bundles of 25

and 7 fibers, respectively.

A multimode optical fiber (numerical aperture 0.22, High -OH, part number FVP100110125, Polymicro
Technologies) was chosen as the fiber to make the entrance slit. This fiber was specifically chosen for its
core, cladding, and coating diameters. The cladding and polyimide coating diameters (110 um and 124
pm respectively) were relatively thin in comparison to the core diameter of the fiber (100 um). A thinner
coating and cladding means more fibers can be stacked into the length of the entrance slit, and so a greater
light throughput can be achieved. One can also think about the cross-sectional area of each fiber: only the
core will emit light, and so any cladding or coating is essentially dead area to be minimized. The

polyimide coating also contributed to the fiber’s flexibility.

To hold the fibers in a vertical arrangement, a custom fiber mount was designed in Fusion 360 and printed
with a 3D printer. The mount was designed to clamp the fibers flat in a 6 mm x 3.35 mm x 25 mm trough
with a separate 3D printed filler piece. A space in the mount was left for a setscrew to hold the mount
onto the spectrograph body and align it with the rest of the optics. The fiber mount rendering is shown in

Figure 3-4 (A) and the 3D printed mount in Figure 3-4 (B).
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The fiber was cut into 32 strands approximately 50 cm in length, and then epoxied into the fiber mount.
The ends were cleaved and polished, and then the fibers were then carefully separated into the bundles for
the white and blue LEDs, consisting of 25 and 7 fibers, respectively. The rationale for the size of these

bundles is as follows:

1. Since the total slit length cannot exceed 4 mm (the diameter of the entrance aperture of the
spectrograph), the outer diameter of the fibers (124 um) dictates that total number of fibers is 32.
(124 pum x 32 = 3.968 mm)

2. The ratio of the two bundles decides how white or blue the final light is. Since we want the light
source to be mostly broadband light, the white LED must have the lion’s share the fibers.

3. Fibers stack readily into a hexagonal grid, and certain numbers of fibers stack better than others. 7
fibers pack nicely, and so the blue LED will have 7 fibers. The white LED has the rest.

(32 -7 = 25).

The 7 blue LED fibers were spread throughout the length of the slit. Although not entirely necessary, this

was done so that the spectrum would remain homogenous along the length of the slit.

Each bundle was then epoxied into a connector and cleaved to an appropriate length. The ends were
cleaved and polished. The fiber ends were inspected visually using a microscope as shown in Figure 3-4
(E) and (F). Upon inspection, a single broken fiber was observed in the white LED connector. the fracture
likely occurred during the cleaving process. When the connector is coupled to the LED, however, none of
the fibers are perceptibly darker upon visual inspection (of course, there is no convenient way of knowing

the actual losses caused by the fractured fiber).
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Figure 3-4 Combination Blue-White LED and Slit (A) 3D rendering of the slit mount and filler. (B) 3D printed mount with
epoxied fiber slit. (C) Slit with only the blue LED on. (D) both white and blue LEDs on. (E) Polished fiber ends for the blue LED

connector. (F) polished fiber ends for the white LED connector. A single fractured fiber is visible on the left of the bundle.

To prevent any damage to the LEDs, power from the standard power supplies is passed through fast-
blowing fuses before reaching the LEDs. The blue and white LEDs were installed on the breadboard and
connected to the slit, which was subsequently attached to the spectrograph via the set-screw. The entire

LED and slit set-up can be seen in Figure 3-5.
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Figure 3-5 Image of the combination blue-white LED entrance slit setup. The fiber coupled LED units are seen in the bottom

left, which connect to the 3D printed entrance slit and DMD spectrograph unit on the top right.

A comparison of the spectra with and without the blue LED are shown in Figure 3-6, and illustrate how
the blue LED effectively fills the gap in the white LED’s spectrum. With the addition of the blue LED,
the spectrum of the programmable light source is significantly more even across wavelengths. Since the
LEDs are controlled by independent power supplies, the impact of the blue LED can be measured by
turning the blue LED power supply off and recording the excitation spectrum. The light was recorded on
an Avantes CCD spectrometer, by reflecting the excitation fibers from a white piece of paper and back
into the emission fibers of the bifurcated probe (for more details on light source calibration, see Section

3.1.5).
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Figure 3-6 Spectrum excitation light source when the blue LED is off (left) and on (right).

3.1.2 Spectrograph

In order to project a spectrum of light onto the DMD, the white light must be diffracted into its
component wavelengths. To do so, we have cannibalized the spectrograph from a spectrometer (Ocean
Optics USB2000) and mounted it to a translation stage in front of the DMD. The spectrograph consists of
a metal housing and a collimating mirror, a diffraction grating (600 lines/mm), and focusing mirror (focal
length = 10 cm). the unit housing the linear diode array was removed so that fiber split could be attached.

The dispersed light is projected onto the DMD, a diagram of which can be seen in Figure 3-7.
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Figure 3-7 Diagram of Spectrograph.

By using a commercial spectrograph, much of the optical alignment has already been taken care of. That
said, there have been some modifications to the spectrograph design. The stock focusing mirror (focal
length = 4.5 cm) had been replaced with the longer focal length mirror (focal length = 10 cm) by past
graduate student Adam Bernicky. The motivation for this modification was that the focal plane of the
previous mirror was too short; the DMD could not reach the focal plane of the mirror the spectrograph
housing was in the way. This resulted in unfocused light on the DMD. Since spectral resolution depends
on how finely the light can be dispersed on the mirror, the unfocused light had caused the resolution to
suffer. Using the longer focal length mirror, the DMD can be further away from the spectrograph while
still remaining at the mirror’s focal plane. The result is a greater spectral resolution® than with just the

stock mirror.

3.1.3 Digital Micromirror Device
The digital micromirror device (DMD) is a microelectromechanical system developed by Texas

Instruments.®® It consists of an array of 768x1024 microscopic aluminum mirrors (10 um x 10 um) that

33



each sit upon a hinge. By applying an electrostatic charge beneath a mirror, it is tilted either +12° or -12°,
reflecting the light in either direction.®® Since each mirror can be independently actuated, the array can be
used to display an image, where every mirror on the array corresponds to a pixel in the image either “on”
(+12°) or “off” (-12°). The “on” light can then be collected while the “off” light is discarded, shown in

Figure 3-8.

Dispersed light is projected from the spectrograph onto the mirrors of the DMD, such that each column of
mirrors corresponds to a different wavelength of light in the spectrum. Turning on a single column of
mirror thus selects for a “single” wavelength of light. Multiple wavelengths can be turned on at a time to

display a mask in the Hadamard Transform and multiplex the light.

Figure 3-8 Digital Micromirror Device. (Top left) individual mirrors on the array tilting £12° in an “on” or “off” position. (Top
right) Image displayed on the DMD by turning some pixels on/off. (Bottom left) A schematic to illustrate how turning on/off
mirror columns will select for unique wavelengths. (Bottom right) Image of a single column of mirrors selecting light on the

DMD.
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In practice, the spectral resolution of the programmable light-source depends, first, on the spectral
resolution afforded by the dispersion element and the collimating optics, as well as how many mirror
columns are grouped to constitute a spectral band (or “wavelength channel”). The 1024 columns of
mirrors can be divided into n groups of columns, where n corresponds to the rows and columns in an n x
n Hadamard S-matrix (e.g., 7, 31, 127 etc.). In the case where 1024 mirrors do not divide evenly into n,

the remainder is left as unflipped mirrors in the blue region of the DMD array.

3.1.4 Collection Optics and Fiber Probe

The light reflected off the DMD at +12° was collected using a pair of off-axis parabolic mirrors. The first
mirror collimates the diverging light, while the second mirror refocuses the collimated light. The light is
then focused through a plano-convex cylindrical lens and into one of the arms of a custom-built bifurcated
fiber probe, that carries the light to the sample. The fiber probe is the same as has been used in past
iterations of this programmable light source.®* It consists of 22 fibers that carry the excitation light from
the DMD to the sample, and another 15 fibers that then carry the emitted light to a CCD spectrometer.
While the HT Imaging system no longer uses the CCD spectrometer for detecting emission, the CCD
spectrometer is still useful for calibration of the light source, and so the bifurcated probe is still coupled to

the spectrometer.

3.1.5 Calibration of Light source

Once optical alignment has been completed, the light source needs to be calibrated. This consists of
turning on a mirror column at a time, and measuring the spectrum on the CCD spectrometer, to inform
what mirror column correspond to what wavelength of light. Single column measurements were taken for
Hadamard S-matrices of size 7, 11, 19, 23, 31, 43, 59, 67, 71, 83, and 127 (541 images in total). Examples

of these calibration spectra are shown in Figure 3-9 for size 7, 31, and 127 Hadamard S-matrices.
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Figure 3-9 Calibration Spectra for size 7, 31, and 127 S-Matrices.

Each spectrum contains a single peak that corresponds to the wavelength reflected off that mirror column
when it is flipped on. These peaks can be fitted to a Gaussian function using a MATLAB code written by
Adam Bernicky, that can be found in Appendix A.i. The code fits each peak to a function

(x - b)2>

w=or (16)
2¢?

f=aum(-

where a is the peak amplitude, b is the centroid and c is the peak width for each mirror column. These
coefficients are useful for three main reasons. First the centroid informs which mirror corresponds to
which wavelength, allowing us to assign wavelength information to the excitation axis of an EEM (e.g.,
not just “mirror column 1°, but rather 445 nm). Second, the amplitude allows a corrector to be applied, to
scale the excitation spectrum appropriately for the intensity of the light source. If the corrector is applied,
it boosts wavelengths where there may be a lower intensity vs. wavelengths with greater intensity. Third,
the fit informs how finely the spectrograph light is dispersed across the DMD. The full-width at half-

maximum (FWHM) of each peak can be determined from the formula,

FWHM = 2,/2In(2) ¢ (17)
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where c is the peak width of the fitted Gaussian function as above. The spacing of each mirror column can
be determined from the formula,
Ab:bi+1 - bi (18)

by computing the difference between neighbouring centroids, biand bi+1. The average FWHM and mirror

spacing can be found in Table 1.

Table 1 Average FWHM and mirror spacing for n mirror columns.

Number of masks Average Full- Standard deviation ~ Average mirror  Standard deviation
Width-Half- (nm) spacing (nm)
Maximum (nm) (nm)

7 20.89 1.98 24.22 2.62
11 13.53 0.74 15.86 1.74
19 8.57 0.38 9.14 0.62
23 7.50 0.33 7.59 0.42
31 6.34 0.29 5.70 0.28
43 5.51 0.27 4.00 0.23
59 5.15 0.27 2.95 0.83
67 5.06 0.27 2.60 0.17
71 5.00 0.26 2.44 0.17
83 4.94 0.26 2.09 0.16
127 4.80 0.26 1.39 0.15

By plotting the average FWHM as a function of the matrix size as shown in Figure 3-10, one can see how
increasing the number mask increases spectral resolution, to a point. Eventually the resolution is limited
to how finely the spectrum is dispersed across the mirrors, and any further increase in column numbers
does not provide an increase in spectral resolution, and only increases the time required for a single EEM
to be acquired. For the purposes of the experiments in this work, the matrix size of 31 was chosen, in

order to balance speed of acquisition with spectral resolution.
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Figure 3-10 FWHM as a function of matrix size. Increasing the number of columns has diminishing returns on spectral

resolution.

The Gaussian coefficients are saved on the computer as calibration files that can be accessed by the

acquisition and image processing software, described further in Sections 3.3.1 and 3.3.2.

3.2 Hyperspectral Camera

The camera is an 8-channel visible wavelength hyperspectral camera (MSC-VI1S8-1-A) supplied by
Spectral Devices Inc. in London, Ontario. It consists of a standard complementary metal-oxide
semiconductor (CMOS) sensor (CMV4000, Austria Mikro Systeme) with a 4 MP resolution (2048x2048

pixels). Each pixel is 5.5%5.5 pm in size. The camera can be seen in Figure 3-11.
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Figure 3-11 Photo of 8-channel visible hyperspectral camera (msCam VIS8, Spectral Devices Inc).

3.2.1 Spectrally Resolving Detector Array

Spectral Devices Inc. builds a hyperspectral camera from a commercially available CMQOS sensor and a
proprietary filter array which is attached to the monochrome sensor. The filter array consists of 8 different
filters that block all wavelengths except for respective narrow spectral bands that are transmitted by the
filters to irradiate the underlying light-sensitive CMOS photodetector pixel. The filter array is applied in a
mosaic, such that a tile is repeated every 8 pixels along the 2048x2048 array, giving a 256x256 array of

filtered pixels.

The eight filters in each tile are arranged in four rows by two columns. A single filter spans the height of
one pixel (5.5um) and the width of three pixels (16.5 um), with a single border pixel in between
neighbouring filters. These bordering pixels are used to prevent crosstalk between neighbouring pixels
and are ultimately discarded when the image is demosaiced. Figure 3-12 illustrates the filter array and the

arrangement of the individual filters on the detector.
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Figure 3-12 Spectrally resolving detector array. The camera consists of a 2048 x 2048 CMOS sensor overlaid with an 8
channel filter array (474-640 nm). Bordering pixels prevent crosstalk from neighbouring filtered pixels. Each pixel (inset left)
consists of an array of 8 x 8 subpixels, Only 24 of the 64 subpixels are collecting light that forms an image in 8 different pass

bands.

Henceforth, each tile (which consists of one set of the eight filters) may be referred to as a pixel, such that
one hyperspectral image consists of 256x256x8 values, whereas the physical pixels on the monochrome

CMOS sensor may be referred to as a subpixel, one pixel consists of an 8x8 grid of subpixels.

3.2.2 Camera Lens and Attachments

The camera can attach to a lens via a C-mount, which allows for a degree of flexibility in the selection of
appropriate optics for the given application. In this body of work, all images and data collected were
captured with a 50 mm fixed focal length lens (V5024-MPZ, Computar) with a close-up +2 diopter lens

(Heliopan) on the front threading of the main lens.

3.2.3 Hyperspectral Image Processing

There are two treatments applied to the raw images before they can be used as a hyperspectral image. The

first step is averaging the three subpixels that make up a single filtered pixel. The second important step is
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called Bayer-demosaicing or just demosaicing. The term refers to the mosaic of filter arrays found on
colour cameras — in commercial RGB cameras, they are referred to as Bayer filters after the inventor
Bryce Bayer.%! In the case of hyperspectral imaging, it refers to the algorithm that selects for the subpixels
in the raw image that correspond to each pixel in each wavelength channel. After demosaicing, the image
can be arranged as a three-dimensional data cube with dimensions 256x256x8. To better aide the
visualization of the hyperspectral image, it is convenient to rearrange the 8 channels in a single image that
is 512 pixels tall and 1024 pixels wide. This is done using a MATLAB function | wrote called

demosaicv6, and can be found in Appendix A.ii.

To demonstrate the ability of the filtered array to discern different wavelengths of light, an assortment of
different coloured materials (e.g. a green sign, red box, orange webbing, blue spatula holder) were placed

in the frame of the image. A demosaiced hyperspectral image can be seen in Figure 3-13.

474 nm 3 526 nm 546 nm

578 nm 597 nm 621 nm

Figure 3-13 Demosaiced Hyperspectral Image of assorted materials in the lab. each tile shows all the pixels for the filter

channel indicated.

Since a typical RGB camera only uses three channels, RGB images can be approximated or “false-

coloured” from the 8-channel hyperspectral image, by selecting three channels to represent red, green,
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and blue. For example, if 640 nm, 526 nm, and 474 nm channels are chosen for RGB respectively, then
the hyperspectral image in Figure 3-13 can be viewed as a false coloured RGB image in Figure 3-14,

compared to a RGB image from a conventional cell phone (Google Pixel).

T

ww.thorilabs.com

Figure 3-14 False-coloured RGB Image vs Cell Phone Image. RGB image (left) generated from the hyperspectral image in
Figure 3-13. The red, green, and blue values are assigned from the intensities of the 640 nm, 526 nm, and 474 nm hyperspectral

channels, respectively. Cell phone image of the same assorted materials (right).

These false colour images are not used for any data analysis within this thesis, however they can be useful

in a pedagogical application to demonstrate what a hyperspectral image “looks like”.

3.2.4 Characterization of Spatial and Spectral Resolution

The spatial resolution of the hyperspectral camera can be limited by both, optical resolving power which
leads to blurring of an image, and by pixelation. We expect that pixelation is a concern since the sensor
array has been divided into 8 channels, and the resolution was thereby reduced from a 2048 x 2048 pixels
sensor (4 MP) to a 256x256 pixel sensor (0.065 MP). To measure the spatial resolution, the camera was
equipped with a 50 mm fixed focal length lens and +2 diopter close-up lens (Section 3.2.2,) and a ruler

was placed at the minimum focal distance for the 50 mm lens. The demosaiced hyperspectral image can
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be seen in Figure 3-15. It is apparent that blurring is not a concern but rather that pixelation limits the
spatial resolution. There are 10 pixels between millimeter markings on the ruler, which is visible if one
zooms in on the markings as seen in Figure 3-16. We can conclude that with these optics, a maximum

resolution of 10 pixels/mm is achievable and that the spatial resolution is about 100 um.
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Figure 3-15 Hyperspectral image of a ruler delimited in millimetres.

Figure 3-16 Zoom-In of a Hyperspectral Image of a Ruler. There are 10 pixels per millimetre.
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To characterize the spectral response of each of the 8 filters, the camera was placed inside a conventional
excitation emission fluorescence spectrometer (Varian Cary Eclipse) and pointed at the excitation slit.
Then, 195 hyperspectral images were captured with excitation light from 460 nm to 650 nm in 1 nm
steps, i.e. the commercial spectrometer was used as a tunable light source. The wavelength range was
chosen because the camera’s filters range from 474 nm to 640 nm. Each image was then demosaiced into
eight channels, and all the pixels across a single channel were averaged to a single value, i.e. any and all
spatial information was discarded and the camera was treated as a simple eight channel spectrometer. The

spectral response of these eight channels was graphed as a function of the excitation wavelength, seen in

Figure 3-17.
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Figure 3-17 Spectral response of the camera filters. A change in spectrometer filters is observed at 570 nm.
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While the design of the filters is proprietary to the manufacturer, we expect Lorentzian line shapes for
filters based on dichroic stacks. Each curve was fitted to a Lorentzian function using the least squares
method, packaged in a MATLAB function by Jered Wells®’ called lorentzfit. The Lorentzian function can
be described by the formula

3 F>1 LC (19)
(X_P2)2+P3

L(x)
Where P4, P,, P3, and C are parameters fitted to the Lorentzian function L(x), and outputted by the
MATLAB code. P; is the resonance about the Lorentzian, and so it is the wavelength at the maximum. To

find the maximum of the Lorentzian, x is set equal to P2 to give
(20)

Where A’ is the maximum of the function, and A would be the amplitude from the base of the peak). The
FWHM can thus be found by setting the function equal to A/2 and solving for x. Note that the constant is
not included, so that the maximum is defined from the baseline. P1/P3 can then be substituted in for A to

give the solution for the x values at the half maximum.

A_ R
2 (x—P,)?+P
(x=P,)" +P, (21)
R
X=x= ZX_ P,+P,
x=i\/53+ P,

The FWHM is thus equal to the difference in the + and — terms.

FWHM =({/R, + B, )~ (P, - /R, (22)

FWHM =2,/P,
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The fitted functions for the filter responses can be seen in Figure 3-18. The wavelengths at resonance and
the calculated FWHM can be found in Table 2. The reported wavelength channels are in good agreement
with the measured spectral response, with a mean discrepancy of just 3.02 nm, and a maximum

discrepancy of 4.94 nm in the 578 nm channel.
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Figure 3-18 Spectral response of the camera filters fitted to Lorentzian functions.The Lorentzian curves (solid lines) are

overlaid on the original filter response curves (dotted lines).
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Table 2 Calculated resonant wavelength and FWHM from Fitted Lorentzian Functions. The mean discrepancy is just

3.02 nm, with a maximum of 4.94 nm in the 578 nm channel.

Reported Wavelength at . Full-Width at Half-
Discrepancy (nm)

wavelength (nm) Resonance (nm) Maximum (nm)
474 472.29 1.71 26.19
495 493.27 1.73 24.02
526 522.88 3.12 26.44
546 544.41 1.59 23.47
578 573.05 4.94 29.83
597 594.27 2.73 29.20
621 616.96 4.04 32.85
640 635.74 4.26 40.91

3.3 Software

As mentioned previously, the spectrometer is made by combining two major components: the
programmable light source, and the hyperspectral camera. A major focus of this work was on controlling
these two technologies and combining them into a single system. Each device came with its own
application programming interface (API) which could then be controlled using MATLAB. | wrote two
main MATLAB programs: the first program to control the settings of the devices and operate the camera
and light source in concert for the acquisition of spectra, and a second program to demosaic each
hyperspectral image and then demodulate each Hadamard encoded spectrum into an EEM. For ease of
use, | packaged these two programs into two graphical user interfaces (GUI). The programs and GUIs will

be discussed below.

3.3.1 5D Image Acquisition Software

The acquisition software consists of two workflows: the first workflow takes place before the acquisition
to allow the user to make changes to the camera settings and physical scene; the second workflow
operates the DMD and acquires the hyperspectral images simultaneously. These workflows can be seen in

Figure 3-19 and will be described in detail below.
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Figure 3-19 Flowchart for 5D Image Acquisition Software. The workflow in the dotted box occurs live before a run, to allow
the user to control camera settings. Blue text indicates MATLAB for-loops, or functions found in the appendix. Here, j is a given
frame of video in time, m is the number of total frames, i is a given mask in the Hadamard sequence, and n is the size of the

Hadamard S-matrix used (and thus number of total excitation wavelengths).

Upon opening the GUI, the camera is automatically connected and continuously acquires raw images that

are displayed in the GUI. These raw images are then passed to two functions and displayed on the GUI:

1. demosaicv6, which as described in Section 3.2.3 displays a tiled hyperspectral image of
all eight camera channels.
2. A histogram plotting function, which shows the number of pixels as a function of their 8-

bit intensity (0 to 255).

In this pre-run alignment phase, the user has a chance to change the integration time, black level, and gain
to obtain an optimal image. The demosaiced image and histogram help the user find ideal settings that
maximize dynamic range and thereby produce the images with the largest intensity resolution. Each time
the black level, gain, or integration time is changed, the demosaiced image and histogram are refreshed.
The user can also use a “Grab HSI" button that conveniently plots the demosaiced image in another
figure, complete with labels for each wavelength channel. This feature was used to generate many of the
tiled demosaiced images found in this thesis.
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To simulate the lighting conditions during the experiment, the user has the option to turn “on” all the
DMD mirrors such that the sample object is irradiated by all wavelengths transmitted through the fiber
probe. This is achieved by loading a single mask onto the DMD memory, which contains a 768x1024

array of 1s. The image is held on the DMD mirror array until the user turns it “off”.

There is also an option to have the demosaiced image and histogram “live” update. To do so, a listener is
created, which listens for the camera’s FrameAcquired event. Upon a frame acquisition, the listener then
runs the histogram and demosaicv6 functions to update the plots. This can be useful especially when the
user is adjusting the physical scene settings to ensure any subjects are in focus and within the field of
view of the camera. There is a noticeable lag in the feed when the live update is engaged because
MATLARB is by nature single-threaded. Prior to any EEM acquisition the live update was therefore

automatically disengaged.

Once the integration time, black level, and gain has been set, the user is ready to acquire a 4D image or
5D image sequence. First, the DMD is connected to the program and the user specifies the file location to
save the 4D/5D image, as well as the location of any calibration files that have been acquired prior to this.
For an in-depth explanation on the calibration process, see Section 3.1.5. To see how the calibration files

are used in the processing of the 4D/5D images, see Section 3.3.2.

The user also specifies the file location for the chosen image sequence (e.g. Hadamard S-matrix,
Sequential scan sequence, etc.). The image sequence is loaded onto the DMD’s memory, along with one
additional image that constitutes a background measurement with all mirrors flipped to “off” (e.g. for a

31-sized S-matrix, 32 images are loaded on the DMD).

The illumination time is then set for the DMD. The illumination is determined from the integration time
set for the hyperspectral camera and refers to the amount of time the DMD mirrors will remain flipped on
or off in their flipped state for a given image before they switch to the next image. First the time required

to flip the mirrors (44 ps) must be taken into account. To ensure the scene is properly illuminated for
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duration of the camera’s exposure, the DMD illumination time is set for an additional 100 us. Thus, the
illumination time is set to be 0.144 ms longer than the integration time. In practice, the data acquisition
rate is limited by the much larger integration time (500 ms or longer) and — for the brightest images - by

the image transfer time from the camera to the computer’s memory (20 ms).

The user can choose to either capture a single 4D image or specify a number of scans to capture a 5D
image. Once either case is initiated by the user, the program applies a few last-minute settings to prepare
the camera for a speedy acquisition and decrease any lag due to other MATLAB functions running in the
background. The GUI feed display is turned off, the camera acquisition mode is set from “continuous” to
“single frame”, and the camera trigger mode set to “active”. This instructs the camera to wait for a trigger
signal from the software, and upon receipt acquire a single frame. Once these final settings are applied,
the software triggers the DMD to flip its mirrors to the first image, and then the camera is triggered to
acquire a frame. Once the frame has been received by the computer’s memory, the next DMD image in
the sequence is acquired, and so on. Once all DMD images have been displayed, the program either
repeats the process for the next 5D image, or (in the case of a single 4D image) proceeds to saving the
file. Along with the image dataset, the program saves a .mat file which contains all the settings/metadata
for the camera and DMD including integration time, black level, gain, timestamps (if 5D), and the
location of the blank/calibration file used for this run. This metadata is passed to the image processing
software and is integral to the processing workflow. Finally, once all files are saved, the “continuous

acquisition” and live update are restored. The GUI can be seen in Figure 3-20.
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Figure 3-20 GUI for 5D image acquisition software.

3.3.2 Image Processing Software

The image processing software consists of two workflows: the first workflow processes the raw images
into a single 5-dimensional dataset, and the second workflow allows the user to interact with the dataset,
apply post-processing effects, and inspect different features in the spatial and spectral domains. These

workflows can be seen in Figure 3-21.
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Figure 3-21 Flowchart for Image Processing Software. Blue text indicates MATLAB for-loops, or functions found in the
appendix. j is a given frame of video in time, m is the number of total frames, row/col are a given row and column in an image, n
is the size of the Hadamard S-matrix used (and thus number of total excitation wavelengths), and em/ex are a given emission and

excitation wavelength.

The workflow of processing raw images into 5D datasets is operated by passing the raw images into the
function demosaicubev3, which can be found in appendix A.iii. The demosaicubev3 function is
essentially a hybrid of two operations described so far, demosaicv6 and a Hadamard demodulation. Much
like demosaicv6, demosaicubev3 take in a raw hyperspectral image and demosaics the image into the
eight wavelength channels. Unlike demosaicv6, which organizes the eight 256x256-images in a 2D tile
arrangement of 512x1024, demosaicubev3 organizes the demosaiced hyperspectral images into a 3D data

cube of 256x256x8. The dataset is easier to index with the added dimensionality.

The data set now consists of a single 256x256x8xn image, where n is the number of Hadamard encoded
images captured. Thus, each pixel of size 8xn can be thought of as an encoded EEM. The demosaicubev3
function then demodulates each pixel in the image by multiplying it by the inverse nxn Hadamard S-

matrix, to yield one 8xn EEM per pixel in the image. This process of demosaic-demodulation is repeated

52



m times, where m is the number of frames captured in time. The output is a demosaiced demodulated 5D

image of size 256x256x8xnxm, and dimensions X, y, emission, excitation, time.

This dataset is then displayed in the GUI, shown in Figure 3-22 below. Slider bars allow the user to slide
through the excitation and emission wavelengths shown in the 256x256-image on screen. A slider bar for
the frame dimension is available so that the user can also slide forward or backward through time. The
user can click any two points in the image to define a rectangular region and sample the EEM in those
defined pixels. This draws a red or green rectangle on the image, and then displays the averaged EEM on
the corresponding red or green axes. When the two region’s EEM are viewed simultaneously, the contour
plot height (or intensity) is by default normalized for each plot independent of one another. By checking
the box labeled “compare EEM Heights”, the user can scale the contours to the absolute maximum and

minimum of the defined two regions.

The GUI offers convenient methods to output the current image and EEMs as a figure, along with options
for post-processing effects. There is a slider bar which allows the user to increase or decrease the
smoothness of the contour plots. There is also the option to change the image threshold values for the
minimum and maximum bright pixel. These are set to 0 and 1 by default, but if the user were to set the
maximum to instead 0.6, then all pixels with a value of 0.6 and greater would be set to the maximum

brightness. This boosts any darker signals and can be helpful when images have low SNR.

After the user has visually inspected the dataset, the GUI offers options to output the dataset in forms
readable by the PARAFAC algorithm. The user can choose to crop out any Rayleigh scattering, which is
commonly done to prevent interference with the PARAFAC model.% The user can also crop the image
spatially by defining some rectangular region of interest. This reduces the size of the dataset and can
decrease the time needed to fit the model. The spatial crop also increases the percent of the dataset

explained of the model if most of the pixels outside that region are dark.
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Figure 3-22 GUI for 4D and 5D image processing.

3.4 Comparison of Sequential Scan vs. Hadamard Transform

As mentioned in Section 2.3, the Hadamard transform is a multiplexing technique, and so it is afforded
Fellgett’s advantage® yielding increased signal when compared to a non-multiplexing sequentially
scanned technique. To demonstrate the improvement of HT over a sequential scan, these two methods
were used to collect a 4D image of a vial of fluorescein and the level of the fluorescence signal was
compared to the noise of the signal. Both the sequential scan and the HT measurements were performed
on the imaging system, as opposed to some other device such as the Varian Cary Eclipse, to avoid
conflation of the results due to differences in equipment, alignment, or device sensitivity. The scans were
performed on the same day with no changes to either the camera’s settings, optics and focus, or the

subject in the image. The Hadamard transform used a size 31 Hadamard S-matrix, while the sequential
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scan had the same 31 mirror columns, turned on individually. The experiment was repeated in both

methods with integration times of 20, 50 and 100 ms, and results are given in Figure 3-23 below.

10.014
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: 710.012
Sequential Scan

9 0.01

5 0.008

20 ms integration 50 ms integration 100 ms integration

0.006

Hadamard Transform Ex{(nm) EX (nm)

0.002

Figure 3-23 Hadamard transform vs. Sequential Scan. Images of a vial of fluorescein at ex/fem = 468 nm/526 nm and
increasing integration times (inset) averaged EEM spectra from the green rectangular region. Pixels outside of the red region are

defined as background. Pixels within inner cyan region are sampled for the SNR calculation.

The signal-to-background ratio (SBR) is defined the formula,

Saes/s26 — BG. (23)
50

SBR =
Where S is the signal mean at fluorescein’s maximum excitation and emission wavelength (468 nm and
526 nm), and BG is the mean of the background at all excitation and emission wavelength. The signal is
sampled spatially within the region enclosed by the green rectangle, and the background is sampled

outside of the red region. The SBR can then be calculated for both HT and sequential scan methods at

each integration time. The signal-to-background enhancement (SBE) can be calculated by dividing the
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HT SBR by the sequentially-scanned SBR. The SBR and SBE can be found in Table 3. The Hadamard

transform has an average SBE of around 3.5.

Table 3 Signal to Background Enhancement of Hadamard Transform vs. Sequential Scan.

20 ms 50 ms 100 ms
Hadamard Transform SBR 4.99 9.54 16.60
Sequentially Scanned SBR 1.36 2.85 4.85
Signal to Background Enhancement 3.66 3.34 3.42

The table also shows that, both, signal and background levels increase differently with the integration
time. This is evident in an offset of a linear regression of the SBR values against integration time (not
shown). If the signal and background measurements had the same dependence on the integration time, the
SBR values would have been the same for all three integration times. We can therefore exclude
background light intensity as the sole source of the background signal, as it would have increased
identically to the fluorescence signal. In our attempt to identify the source of the background we turn to

the signal-to-noise ratios.

The signal-to-noise ratio (SNR) of the signal can be determined as it is defined in image processing,®

otherwise known as the reciprocal coefficient of variation. The formula for SNR is

SNR= £ (24)
o

Where p is the mean pixel intensity value, and o is the standard deviation of the pixel intensity in a region
of interest (ROI) where the signal is expected to be uniform. Here, the ROI is defined by the small cyan
box in Figure 3-23, at the wavelength maximum at 468 nm and 526 nm. SNR is determined for both HT
and sequentially scanned images. The signal-to-noise enhancement (SNE) can be found by taking the
ratio of HT SNR to sequentially-scanned SNR. The SNR and SNE can be found in Table 4, with an

average SNE of 3.37 across the integration times.
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Table 4 Signal-to-Noise Enhancement of Hadamard Transform vs. Sequential Scan.

20 ms 50 ms 100 ms
Hadamard Transform SNR 3.65 7.08 13.25
Sequentially Scanned SNR 1.13 2.54 3.23
Signal-to-Noise Enhancement 3.23 2.79 4.10

The experimental SNE can be compared to a calculated theoretical SNE, if one assumes all noise is
random additive noise from the detector, as described by Nitzsche and Riesenberg.™ In the case of

detector noise, the measured signals m; for the j™ multiplexed measurement are

mJ.:Zi:Hji-xiﬁLej (25)

Where H is the Hadamard matrix and x; is the original fluorescence signal for the i wavelength, and e;are
the random errors for each measurement added after multiplexing. The signal is then demodulated and
reconstructed as ri, which differs from the original signal xi by an error of &;, related to the multiplexing

error ej by

5i=(ri_xi)=ZHij_l'ej (26)

Where H? is the inverse Hadamard matrix. We then assume the errors g;j are random, and so we instead
analyze the errors by their mean squares. The same is true for &, where
2 2 -1)2
<‘9i>:6 'Z(Hij ) (27)
]
In the trivial design of a sequential scan, the conversion matrix used is the identity matrix I, where for
each measurement only a single signal is measured. In this case, the multiplexed error &; is equal to the

random error gjsuch that

(7)=(ef)=0" (28)
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Nitzsche and Reisenberg define the ‘gain’ or Q factor as the ratio of noise reduction of the Hadamard
transform vs the sequential scan by dividing the root mean squares of the errors associated with each
method.” This is written mathematically as

(o).

Q=" (29)

()

Then by inserting equations ( 27 ) and ( 28 ) into ( 29 ) we can describe the gain when the only source of

noise is detector noise

() ()

In this case, it is evident that any enhancement in the signal-to-noise ratio is determined by the size and
kind of the Hadamard matrix used. In the case of S-matrices, each row is composed of a Walsh function
which only differs from its neighbour by a single permutation. As such, a property of these S-matrices is

that any element in the inverse matrix has the same absolute value of

M- (s1)
TN +1
Where N is the size of the matrix. Combining equations ( 30 ) and ( 31 ) determines the Q factor (signal to

noise enhancement) in terms of the size of matrix used.

N +1

Zm (32)

Here we observe an advantage in signal-to-noise ratio from using the Hadamard transform vs. a sequential

SNE =

method. Again, this is assuming that the source of the noise is noise from the detector (i.e., dark noise).
Nitsche and Reisenberg further describe cases where shot noise (such as photon noise) dominates, in
which case multiplexing only increases the noise. Based on the empirical SNE (3.37) measured in the

experiments above, we can see an overall gain in signal when using the Hadamard Transform. This
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implies that dark noise is dominating over shot noise. Our system therefore likely operates well above the
photon noise regime because our light source is relatively bright, and our acquisition times are long
enough that we are not discerning between the arrival of individual photons. The theoretical SNE is 2.87,
which is in fair agreement with the observed values. The SNE illustrates how useful a multiplexing
technique is when dealing with noisy systems, or when speed is of the essence and integration times are

short. Now, the HT imaging system can be applied to time-resolved experiments.

59



Chapter 4
Applications of the Five Dimensional Hadamard-Transform
Fluorescence Imaging System

4.1 Introduction

Conventional EEM spectrometers use scanning monochromators to acquire spectra, which can take
between 25 minutes to an hour'® for a single EEM. Long acquisition times limit the applications of
conventional EEM spectrometers to static solutions. Since most spectrometers measure the fluorescence
at a single point in space, measurements are further limited to homogenous solutions and spectrometers
provide no spatial information on how fluorescence intensities and fluorescence spectra features differ

through the sample.

Here we describe a fluorescence imaging system that captures one full EEM for every pixel in an image.
By leveraging the speed advantage afforded by the Hadamard-transform programmable light source, these
four-dimensional (4D) images can be captured sequentially through time, yielding fluorescence
information about heterogenous samples across five dimensions, as seen in Figure 4-1. Here the frame

rate corresponds to about 0.1-1.0 fps.
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Figure 4-1 lllustration of a five dimensional dataset.Each frame of video has two spatial dimensions (x,y). Each pixel in the

image corresponds to a full EEM having Aex and Aem as two additional dimensions. Time is the fifth dimension in this data cube.

4.2 Preparation of a Two-Solvent Two-Fluorophore Mixture

A 20 uM solution of rhodamine B is prepared in glycerol in a 4-dram vial. A second solution of 20 pM
fluorescein in basic (1 g/L KOH) deionized water is pipetted gently on top of the glycerol layer. While the
two solvents are miscible, the high viscosity of glycerol prevents mixing if the mixture is undisturbed.

The two-fluorophore / two-solvent mixture can be seen in Figure 4-2.
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Figure 4-2 Fluorescein dissolved in basic water, layered on top of rhodamine B in glycerol. The stock solutions can be seen
in the background of the image.
4.3 Temperature Ramp Experiment

Fluorescein and rhodamine B were chosen for this experiment because these fluorophores respond
differently to temperature changes when heated. Rhodamine B undergoes a ring closing reaction to form a
spirolactam,’ seen in Figure 4-3. When the ring closes, n-conjugation is broken, and rhodamine B’s

fluorescence is diminished. By contrast, fluorescein’s emission remains unaffected, when heated.

N

Figure 4-3 Rhodamine B Equilibrium. The dye forms an equilibrium between the fluorescent (ring-open) form and quenched

(ring-closed) form.

The two-solvent two-fluorophore mixture is ideal for testing the full capabilities of the instrument. Not

only does the fluorescence of the system change throughout the spectral domains of excitation and
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emission, but also through the spatial domains of x and y of the image. Lastly, by heating and then
cooling the solution over time, we introduce variation in fluorescence in the temporal domain. Visually,

the change can be observed in Figure 4-4, where the rhodamine B fluorescence is reduced when it is

heated to 55°C.
25°C 55°C
Water Fluorescein Fluorescein
\Rhodamine B Rhodamine B
Glycerol

Figure 4-4 Two phase, two fluorophore system of fluorescein and rhodamine B (Left) before and after heating. (Right) false

colour image from hyperspectral camera.

4.4 Results and PARAFAC Analysis

Over the course of 800 seconds (approximately 13 minutes), the mixture was heated and subsequently
allowed to cool. 100 4D images in total were acquired during the heating and cooling, with the (X, Y, Aem,
Aex) dimensions corresponding to 256x256x8x31. The camera gain was set to 1, black level set to 0, and
the exposure time was 200 ms. The total acquisition time per spectrum was approximately 7-8
seconds/spectrum, with some variation due to the speed of data-transfer from the camera to the computer.
The temperature of the mixture was logged concurrently with a thermocouple, and timestamps were
acquired to ensure the temperature data could be aligned in time with the spectra from the imaging

system.

Figure 4-5 shows slices of the 4D dataset at specific wavelengths corresponding to the excitation/emission
of fluorescein (474.33 nm/546 nm) and rhodamine B (544.64 nm/597 nm). After 400 seconds of heating

the mixture, one can see a decrease in intensity in the image slice at 544.64 nm/597 nm, which

63



corresponds to the quenching of rhodamine B. after the solution is allowed to cool for a subsequent 400

seconds the fluorescence at this image slice returns.

0 seconds 400 seconds 800 seconds

o . .
- . . .

Figure 4-5 full resolution images of the two-component mixture. Images highlight the spectral regions that correspond to the
fluorescence of fluorescein (top), and the fluorescence of rhodamine B (bottom), at the beginning of the experiment (left), at the

peak of heating (middle), and after the solution is allowed to cool (right).

A significant portion of the images consist of dark pixels where the light source is not illuminating the
mixture or is outside the sample vial. The spatial images were cropped from a full resolution of 256x256
to 91x50 so exclude any dark pixels from further data analysis. This has the dual effect of increasing the
core consistency by the PARAFAC model from below 50% to 97% and the percent explained from 43%
to 88%, as well as decreasing the size of the dataset and thus the time it takes for the algorithm to

converge.

To model the 5D dataset with PARAFAC, some treatment is needed first. The dimensions x and y are not,
in fact orthogonal, to one another, and so they must be linearized (or “unfolded”) into a single pixel
number dimension. The dimensionality of the dataset is thus reduced to 4D for the purposes of

PARAFAC fitting. The four-way array is fitted to a two-component PARAFAC model, with each
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component described by four vectors. The pixel number vector is then refolded to restore the x and y

dimensions. This data treatment is illustrated in Figure 4-6. The component vectors obtained by

PARAFAC analysis can be seen in Figure 4-7.

ll#l 5D ()leiﬁlem'x: y.t)
:

Linearize pixels
——

|

4D (4,,, A, pixel, t)

pixel

Component 1

-

pixel

Component 2

Component 1

Reorder spatial
dimensicns to get an
image

Figure 4-6 PARAFAC Workflow for 5D Datasets.
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Figure 4-7 Tensor rank decomposition gives the vectors for excitation, emission, pixel value, and time for a two-component fit,

with a core consistency of 97%. Fluorescein is component 1, and rhodamine B is component 2.

The PARAFAC model assigned the signal from fluorescein to component 1, and rhodamine B to

component 2. This can be inferred from both the signature EEM spectra, and the spatial positions in the

image. Fluorescein is found on the top phase of the mixture, while rhodamine B is found in the bottom

phase. The rightmost plot in Figure 4-7 shows the loading vectors for component 1 and 2, overlaid with

the temperature of the mixture at the corresponding timestamp. These loading vectors correspond to the

fluorescence intensity of each of the components (their “score”) at the respective time step. As the

temperature increases, the PARAFAC score for component 2 (rhodamine B) decreases, and then increases

after the temperature is lowered again. The PARAFAC score for component 1 remains relatively stable

and is, therefore, independent of temperature.

To more directly visualize the effect of temperature on the fluorescence intensity, the PARAFAC scores

can be plotted against the temperature at that time, as seen in Figure 4-8. Component 2 shows a negative
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dependence on temperature, where at higher temperatures the score is decreased. Component 2 also
shows a distinct hysteresis; at a given temperature, the score is higher if the mixture was being cooled vs.
being heated. The hysteresis could be explained by the depth of the temperature probe, where the
fluorescence has a chance to respond to a change in temperature before the heat reaches the temperature

probe.

016 y ; ; ; : .
o ® Companent 1
o ® Component?

014

u-..?

012 .

o
® L J
L L
P 8 g% gog0® o ®
01 L o g o 0%8°%"5 o o Ooo%@%&g 0@0_
[ ]

PARAFAC score

0.08F LYY

0.06

0.04 . . . . . . .
20 25 30 35 40 45 50 55 60
Temperature ("C)

Figure 4-8 Plot of PARAFAC scores as a function of temperature. Component 1 shows an independence of temperature,

while component 2 decreases with increased temperature.

4.5 Conclusion

The Hadamard transform imaging system was successful in separating out a multi-fluorophore multi-
phase system and identifying not only what fluoresces at a given excitation or emission, but also where
the fluorescence occurs spatially in an inhomogeneous mixture. The increased signal to noise ratio

afforded by the Hadamard transform means the imaging system can acquire 100 spectra in 800 seconds.
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This sample experiment highlights potential applications for the system in future kinetic studies of

inhomogeneous mixtures.
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Chapter 5
Conclusions and Future Work

5.1 Thesis Summary

As described at the end of Chapter 1, the project goal was to design and build an imaging system which
captures an excitation emission matrix for every pixel in an image, and to make this process fast enough
to observe and characterize chemical transformations in real time. The HT-EEM imaging system
described in this thesis has largely met the stated goal. It captures fluorescence of a dynamic system
rapidly in two spatial and two spectral dimensions. By leveraging the multiplex advantage of the
Hadamard-transform and the speed of snapshot hyperspectral imaging, a single four-dimensional image
could be acquired in less than 8 seconds, where each pixel consisted of an EEM with 8 emission channels
and 31 excitation channels. Using a tighter mirror spacing, the spectral resolution of the excitation could
be set as low as FWHM = 6.79 nm. The images consist of 256 by 256 pixels with a spatial resolution of
100 pum per pixel, and a higher spatial resolution is easily achievable by replacing the camera optics.
Because every pixel corresponds to one EEM, every image Yyields 65,536 EEMs, a massive increase in the
information density as compared to the single-point EEM spectroscopy method used exclusively in the
published literature. Using the multivariate analysis method PARAFAC, the large raw dataset can be
decomposed into the component fluorophores, and the contribution of each of the components to the

overall emission in space (x,y) and time (t) can be identified.

The experimental design in Chapter 4 is may seem simplistic (the same conclusions could have been
drawn by simply observing the phases with the naked eye); However, the design was purposely kept
straightforward to showcase how impressively information dense even such simple systems are using this

newly developed imaging system.

Future applications this imaging system are discussed in section 5.2.5 below and include imaging of cells

and tissue using microscopy, the time evolution of fluorescence markers in high throughput assays, and
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quality control in an industrial food or drug setting such as monitoring batches for impurities in the

spectra.

There are several limitations of the system that are to be addressed in the future. The low light throughput
of the programmable light source significantly limits speed of acquisition and size of the area that is
possible to image. Low excitation light intensity requires larger integration times and/or smaller irradiated
volumes. With the current configuration, the largest area that the light source can illuminate is
approximately one square centimeter. This area would need to be drastically increased for many of the
applications discussed below. Future work to increase light throughput is discussed in section 5.2.3. The
size of the datasets and the respective demands on random access memory (RAM), data storage, and data
processing capacity are another major limitation of the instrument. Each pixel is stored as an 8-bit
unsigned integer, and we require 134 megabytes per raw 4D image (each raw image being 2048x2048
pixels, and 31 excitation images with one blank image). This is the memory and data storage requirement
for a single frame in the time series. The memory and storage requirements scale with the acquisition rate
and duration of the experiment. We are at risk of becoming a victim of our own innovation - considering
that the acquisition time was vastly accelerated by virtue of Hadamard-transform multiplexing. Consider
that we require 13.4 gigabytes for a 13-minute-long experiment (such as the one performed in section 4.4)
where 100 4D images are acquired. Larger datasets take longer to save, load, and importantly, fit to
PARAFAC models. The size of the dataset has an impact during the experiment as well. Since speed is of
the essence when studying kinetics, all raw images are temporarily saved to the computer’s random-
access memory (RAM) during acquisition. The computer is thus required to have enough RAM to store
the entire dataset (it is currently outfitted with 96 gigabytes of RAM). As the kinetics experiments which
we study become inevitably longer (over one or several hours), the computer’s RAM will likely become
insufficient to store the entire dataset. A new solution, such as saving to the hard drive throughout the

experiment, will need to be implemented, at the cost of potential speed.
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5.2 Applications and Future Works

5.2.1 Increasing Excitation Range with UV-LED Light Source

In the current iteration of the device, the excitation light range extends between approximately 430 nm to
600 nm, depending on the alignment. Due to a UV filter on the protective window in front of the
micromirror array, the DMD is only able to reflect light in the visible region. However, UV wavelengths
are the excitation maximum for many common dyes and fluorophores, and the lack of UV excitation light
is a limitation of the current device. Travis Ferguson in the Loock group has previously demonstrated HT-
EEM spectroscopy using a bank of UV-LEDs, which can be modulated on or off in a Hadamard pattern.
Coupling these LEDs to the existing DMD light source would allow for a wider range of wavelengths to
be used in the context of imaging, broadening the utility and applications for which the HT-EEM imaging

system can be deployed.

5.2.2 Confocal Microscopy with Laser Excitation Light Source

As discussed in Chapter 0, fluorescence imaging is widely applied to study tissue, cells, and other
(micro)biological matter, using techniques such as confocal laser scanning microscopy (CLSM).
Compared to conventional microscopy, CLSM acquires images with significantly higher spatial
resolution, unfortunately at the expense of the extra time required to raster-scan the image plane. The
emission is selected either with emission filters or a dispersive element and CCD, while the excitation is
usually only a single narrow laser wavelength (some designs may have multiple excitation lasers and a
sequential acquisition at each excitation). HT-EEM Imaging can be adapted to CLSM by replacing the
DMD excitation light source with a fully programmable bank of laser light sources that is operated
similarly to the UV-LED programmable light source developed by Travis Ferguson. This method would
decrease the acquisition time required at each point in the spatial raster scan by leveraging the multiplex
advantage. Emma Abbey in the Loock group is has been developing a bank of lasers which can be rapidly
modulated on or off to perform single-point HT-EEM spectroscopy, and this light source could be

adapted in the future to perform CLSM with HT. Some of the high temporal resolution from the current
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HT-EEM imaging technique would be sacrificed, in exchange for the high spatial resolution afforded to

the confocal method.

5.2.3 Increasing Light Throughput

The programmable light source was initially designed for the purpose of single point spectroscopy and
was not purposely built to illuminate a camera’s field of view. Currently the light source is simply not
bright enough to illuminate an area wider than approximately one square centimeter, and to do so the fiber
probe must be submerged in a liquid sample (it is not bright enough to cause a fluorophore to fluoresce on
a TLC plate, for example). There are several ways to increase the light throughput; both upgrades
mentioned above (the UV-LED and laser light source) would have the added side effect of increasing the
light to the sample. A third option available to increase light throughput is to replace the white LED in the
DMD setup with a brighter broadband source, such as a supercontinuum light source, or fiber coupled

plasma source. Both types of light sources are commercially available but expensive.

5.2.4 Push-Broom Camera Design for Optimized Spectral and Spatial Resolution

The current HT-EEM imaging system was designed to be a compromise between spatial, spectral, and
temporal resolution. To increase the resolution of one domain often results in a decrease in the resolution
of another. The imaging system can be reoptimized to favour a specific domain, to better fit the system to
a particular application. As discussed in section 2.6, snapshot hyperspectral imaging was chosen because
of the best compromise it offered between spatial, spectral, and temporal resolution. It is said that there
are no winners in a compromise and, as is evident from the spectra and images acquired, the spatial
resolution (256x256 pixels) and spectral resolution of the emission (8 channels) suffer as a result. The
snapshot hyperspectral camera could be swapped out for a spatially scanning (push-broom) camera, to
optimize the camera design for spectral and spatial resolution in exchange for temporal resolution. One
such design has been made available by Sigerne et. al.>? in which they provide the instructions and parts
to build a “Do-it-Yourself” hyperspectral camera. A rendering of the design can be seen in Figure 5-2

below.
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Figure 5-1 Design and Rendering for a Push-Broom Hyperspectral Camera Front Lens Assembly. Design adapted from

Sigernes et al.>?

In the push-broom design, light from the subject passes through a slit aperture, and is dispersed by a
transmission grating onto a 2D CCD array to measure the emission wavelength spectrum and x spatial
dimension simultaneously. The camera is then translated along the y dimension to capture the full data-
cube in a sequence of acquisitions. The design allows for a significant improvement in spectral resolution,
with a FWHM of 1.4 nm and a spectral range of 400-700 nm (depending on the camera sensor used).%?
The spatial resolution is no longer limited by the pixelation of the camera. The push-broom camera allows
the x dimension to be captured with the full vertical resolution of the camera’s sensor (unlike the current
snapshot camera, which only uses every 8" pixel due to the filter array), and the y dimension’s resolution
is limited by the size of the steps when the camera is translated (this also allows for a very wide field of
view, because there is no limit on how far the camera is translated either).
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5.2.5 Instrument Design for High Throughput Assays

One eventual goal is to apply HT-EEM imaging to high throughput assays. Since every pixel provides a
complete EEM, spatially separated samples (as in a well-plate) can be measured simultaneously under the
field of view of the camera, if the wells are sufficiently illuminated by the light source. However, most
well-plates are considerably larger than the area we can illuminate with the light source in its current
form. As mentioned previously, light throughput is critical to ensuring good quality spectra. A possible
design for a well-plate assay is shown below in Figure 5-2. As before, the modulated light from the DMD
is collected into a fiber bundle, however instead each fiber in the bundle is coupled to the bottom of a well
in a well-plate. The excitation light is more efficiently delivered to the fluorophore in the well as
compared to simply illuminating the general area from above the well-plate. A camera is placed in a

diascopic orientation with respect to the light source.

Hyperspectral camera

From DMD

Figure 5-2 Illustration of a fiber-coupled well-plate for HT-EEM assay imaging.

An alternative design could involve bifurcated fibers for each of the wells and a camera that images just

96 “pixels” with high temporal and spectral resolution.
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5.2.6 Summary of Potential Applications
The above list of potential application illustrates that our method has considerable potential in a variety of
fields in quality control, imaging, chemical kinetics, and process monitoring. Far more applications can be

envisioned.

Fluorescence spectroscopy is a mature field, and it appears impossible to make genuinely new
contributions to the design of fluorescence spectrometers. Nevertheless, we hope that the present work
could illustrate an unrealized potential of fluorescence spectroscopy when taken to a “higher dimension”.
The unique combination of hyperspectral imaging and Hadamard-transform multiplexing allows for an

information acquisition rate that is, to the best of our knowledge, unprecedented.
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Appendix
A. MATLAB Code

A.i.  GaussFitve

The following code is used to fit spectra of individual mirror columns to a gaussian peak. Then, the
parameters of this gaussian are obtained to describe the centre wavelength, full-width at half-maximum,
mirror spacing, and relative intensity of each mirror column.

%Adam Bernicky 2020

Had=[7 11 19 23 31 43 47 59 67 71 83 127];

% Had=[67];

Bloc=[1];

for i=2:size(Had,2)+1
Bloc(i)=Bloc(i-1)+Had(i-1)+1;
datbound(1,i-1)=Bloc(i-1)+1;%sets the lower bounds for data
datbound(2,i-1)=Bloc(i-1)+Had(i-1);%sets the higher bounds for data

CN={'Background Spectra'...
'Background Sub Spectra'...
'"Wavelength (nm)'...
'Gaussian Coefficients'...
'Average FWHM'...

'Standard Deviation'...
'Mirror Spacing (nm)'}';

Coeffs(2:8,1)=CN;

dat=Spec;

% for gq=1:size(sname,2)

% file=['cALID alLlL.csv'];

% dat=dlmread(file);

Wavel = dat(:,1);

dat=dat(:,2:end);

dir="C:\Users\Laser Lab\Documents\MATLAB\Blanks\211209";

%Inputs

for k=1:size(Had,2)

savloc=[num2str(Had(k))];
mkdir(dir, [num2str(Had(k))])
label= ['Blank ' num2str(Had(k))];
Coeffs{1,k+1}=1abel;

CalibB = dat(:,Bloc(k));
Coeffs{2,k+1}=CalibB;
CalibB=repmat(CalibB,1, (Had(k)));
Calib = dat(:,datbound(1,k):datbound(2,k));
Calibsub= Calib-CalibB;
Coeffs{3,k+1}=Calibsub;
Coeffs{4,k+1}=Wavel;

%%

Coeff=zeros(Had(k),3);

for i=1:(Had(k)-b);
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[Pks,Loc]=findpeaks(Calibsub(10:2038,i), '"MinPeakHeight', 40, 'MinPeakProminence',20, 'So
rtStr', 'Descend'); %Finds the max peak for the gaussian fitting
Rng=(Loc(1)-200:Loc(1)+200);
Fit=fit(Wavel(Rng),Calibsub(Rng,i), 'gaussl');%, 'Exclude’, X<init,
'"Exclude’, X>fin, 'Lower', @, 'Upper', 2);
Coeff(i,1:3)=coeffvalues(Fit);
m=find(Wavel<=(Coeff(i,2))); %finding the closest spectrometer wavelength to the
gaussian center peak
m2=find(Wavel>=(Coeff(i,2)));
if Coeff(i,2)-Wavel(m(end))> Wavel(m2(1))-Coeff(i,2)
Coeff(i,2)=Wavel(m2(1));
else
Coeff(i,2)=Wavel(m(end));
end
end
Coeffs{5,k+1}=Coeff;
FWHM=2*sqrt(2*1log(2));
for i=1:(Had(k)-b); %Calculating the FWHM and HWHM of each gaussian using
'c¢' term
Coeffs{6,k+1}=mean(Coeffs{5,k+1}(:,3).*FWHM);
Coeffs{7,k+1}=std(Coeffs{5,k+1}(:,3).*FWHM);
Coeffs{8,k+1}=mean(diff(Coeffs{5,k+1}(:,2)));
end

filenamel = [num2str(Had(k)) 'Coeffs.csv'];
dlmwrite([dir '\' savloc '\' filenamel],Coeffs{5,k+1},"',");

Max=max (Coeffs{5,k+1}(:,1));
Cor=Coeffs{5,k+1}(:,1)./Max;
filename2=[num2str(Had(k)) 'Cor.csv'];
dlmwrite([dir '\' savloc '\' filename2],Cor,"',");

filename3=[num2str(Had(k)) 'Exwave.csv'];
dlmwrite([dir '\' savloc '\' filename3],Coeffs{5,k+1}(:,2),"',");

A.ii. demosaicv6

The following function is used to demosaic a 2048x2048-pixel raw image obtained from the msCam into
2D image with 8 256x256-pixel panels, each displaying a single colour channel of the camera. The size of
the full image is therefore 512x1024 pixels.
function [W]=demosaicvé6(K)
sizes=size(K);
if length(sizes)==2
slices=1;
else
slices=sizes(3);
end
for j=1:slices
I=squeeze(K(:,:,3));
I=1"';
for i=1:3
if i==1
Q1(1:256,1:256)=I(3:8:2048,1:8:2048); %474
Q1(1:256,257:512)=1(1:8:2048,1:8:2048); %495
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Q1(1:256,513:768)=I1(3:8:2048,5:8:2048); % 526
Q1(1:256,769:1024)=1(1:8:2048,5:8:2048); % 546
Q1(257:512,1:256)=1(5:8:2048,1:8:2048); %578
Q1(257:512,257:512)=1(7:8:2048,1:8:2048) ;%597
Q1(257:512,513:768)=1(5:8:2048,5:8:2048); %621
Q1(257:512,769:1024)=I1(7:8:2048,5:8:2048); %640
elseif i==2
Q2(1:256,1:256)=I(3:8:2048,1+(i-1):8:2048); %474
Q2(1:256,257:512)=I(1:8:2048,1+(i-1):8:2048); %495
Q2(1:256,513:768)=I(3:8:2048,5+(1i-1):8:2048); % 526
Q2(1:256,769:1024)=1(1:8:2048,5+(i-1):8:2048); % 546
Q2(257:512,1:256)=I1(5:8:2048,1+(1-1):8:2048); %578
Q2(257:512,257:512)=1(7:8:2048,1+(i-1):8:2048) ;%597
Q2(257:512,513:768)=I1(5:8:2048,5+(i-1):8:2048); %621
Q2(257:512,769:1024)=1(7:8:2048,5+(i-1):8:2048); %640
else
Q3(1:256,1:256)=I(3:8:2048,1+(i-1):8:2048); %474
Q3(1:256,257:512)=I(1:8:2048,1+(1i-1):8:2048); %495
Q3(1:256,513:768)=I(3:8:2048,5+(1-1):8:2048); % 526
Q3(1:256,769:1024)=1(1:8:2048,5+(1i-1):8:2048); % 546
Q3(257:512,1:256)=1(5:8:2048,1+(1-1):8:2048); %578
Q3(257:512,257:512)=I(7:8:2048,1+(i-1):8:2048) ;%597
Q3(257:512,513:768)=I(5:8:2048,5+(i-1):8:2048); %621
Q3(257:512,769:1024)=1(7:8:2048,5+(i-1):8:2048); %640

end
end
for r=1:512
for c=1:1024
W(r,c,j)=uint8(uint8(Q1(r,c))+uint8(Q2(r,c))+uint8(Q3(r,c))/3);
end
end
end
end
A.iii. demosaicubev3

The following function is used to demosaic a n number of 2048%2048-pixel raw images from the msCam
that are acquired with Hadamard multiplexed light, and then subsequently demodulate each pixel to yield
the resulting EEM (where n corresponds to the number of excitation masks). The resulting data is of the
size 256x256x8xn.

function [D]=demosaicubev3(K)

K=im2double(K); %important to convert the data from uint8 type to double type
sizes=size(K);
if length(sizes)==2
slices=1;
else
slices=sizes(3);
Ksig=K(:,:,2:end);
Kback=K(:,:,1);
K=Ksig-Kback; %Background subtraction
slices=slices-1;
end
for j=1:slices
I=squeeze(K(:,:,3));
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I=I';

for i=1:3
if i==1
Q1(1:256,1:256,1)=I(3:8:2048,1:8:2048); %474
Q1(1:256,1:256,2)=I(1:8:2048,1:8:2048); %495
Q1(1:256,1:256,3)=I(3:8:2048,5:8:2048); % 526
Q1(1:256,1:256,4)=1(1:8:2048,5:8:2048); % 546
Q1(1:256,1:256,5)=I(5:8:2048,1:8:2048); %578
Q1(1:256,1:256,6)=I(7:8:2048,1:8:2048) ;%597
Q1(1:256,1:256,7)=I(5:8:2048,5:8:2048); %621
Q1(1:256,1:256,8)=I(7:8:2048,5:8:2048); %640
elseif i==2
Q2(1:256,1:256,1)=I(3:8:2048,1+(1i-1):8:2048); %474
Q2(1:256,1:256,2)=I(1:8:2048,1+(i-1):8:2048); %495
Q2(1:256,1:256,3)=I(3:8:2048,5+(1i-1):8:2048); % 526
Q2(1:256,1:256,4)=1(1:8:2048,5+(1-1):8:2048); % 546
Q2(1:256,1:256,5)=I(5:8:2048,1+(i-1):8:2048); %578
Q2(1:256,1:256,6)=I(7:8:2048,1+(i-1):8:2048) ;%597
Q2(1:256,1:256,7)=I(5:8:2048,5+(1i-1):8:2048); %621
Q2(1:256,1:256,8)=I1(7:8:2048,5+(1-1):8:2048); %640
else
Q3(1:256,1:256,1)=1(3:8:2048,1+(1-1):8:2048); %474
Q3(1:256,1:256,2)=I(1:8:2048,1+(i-1):8:2048); %495
Q3(1:256,1:256,3)=I(3:8:2048,5+(1-1):8:2048); % 526
Q3(1:256,1:256,4)=1(1:8:2048,5+(1-1):8:2048); % 546
Q3(1:256,1:256,5)=I1(5:8:2048,1+(1-1):8:2048); %578
Q3(1:256,1:256,6)=1(7:8:2048,1+(i-1):8:2048) ;%597
Q3(1:256,1:256,7)=I(5:8:2048,5+(1i-1):8:2048); %621
Q3(1:256,1:256,8)=I(7:8:2048,5+(i-1):8:2048); %640
end
end
for f=1:8
for r=1:256
for c=1:256
W(r,c,f,3)=((Q1(r,c,f))+(Q2(r,c,f))+(Q3(r,c,f))/3);
end
end
end

end

d=sizes(3); %build hadamard S-matrix

H=paleyI(d);

H=H(2:end,2:end);
H(H==1)_6J
H( ==—1)=1;

for r=1:256 %demosaic pixel by pixel

for c=1:

256

D(r,c,:,:)=squeeze(W(r,c,:,:))*(H -1)";

end
end

D(D<0@)=0; % all values less than @ are set to zero

end
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