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ABSTRACT

A major benefit of fluorescence microscopy is the now plentiful selection of fluorescent markers. These labels
can be chosen to serve complementary functions, such as tracking labeled subcellular molecules near demarcated
organelles. However, with the standard 3 or 4 emission channels, multiple label detection is restricted to segregated
regions of the electromagnetic spectrum, as in RGB coloring. Hyperspectral imaging allows the user to discern many
fluorescence labels by their unique spectral properties, provided there is significant differentiation of their emission
spectra. The cost of this technique is often an increase in gain or exposure time to accommodate the signal reduction
from separating the signal into many discrete excitation or emission channels. Recent advances in hyperspectral imaging
have allowed the acquisition of more signal in a shorter time period by scanning the excitation spectra of fluorophores.
Here, we explore the selection of optimal channels for both significant signal separation and sufficient signal detection
using excitation-scanning hyperspectral imaging.

Excitation spectra were obtained using a custom inverted microscope (TE-2000, Nikon Instruments) with a Xe arc
lamp and thin film tunable filter array (VersaChrome, Semrock, Inc.) Tunable filters had bandwidths between 13 and 17
nm. Scans utilized excitation wavelengths between 340 nm and 550 nm. Hyperspectral image stacks were generated and
analyzed using ENVI and custom MATLAB scripts. Among channel consideration criteria were: number of channels,
spectral range of scan, spacing of center wavelengths, and acquisition time.

Keywords: Hyperspectral, Fluorescence, Spectroscopy, Microscopy, Signature, Linear Spectral Unmixing, Excitation,
Optimization

1. INTRODUCTION

The increasing availability of fluorescent dyes, proteins, and other labels make it possible to label virtually any
aspect of a cell with a wide range of the electromagnetic spectrum.'” The wide variety of these labels allow for
simultaneous labeling of many different aspects of cells, such as a different label per organelle, and can even be used to
investigate protein-protein interactions via the properties of Forster resonance energy transfer (FRET) that require very
small distances (1-10 nm) for energy transfer to occur.*> A major limitation to using combinations of several of these
fluorescent markers in a single experiment is that it can be difficult to separate the fluorescence signal due to each
fluorophore if their emission spectra are not significantly different. To solve this problem, many improvements have
been made to the labels themselves and techniques have been investigated which allow separation of these signals with
unmixing techniques rather than simply filtering emitted light into discrete channels.***'” These unmixing techniques
work by using the known spectral properties of the fluorescent markers and creating combinations of those markers per
pixel to determine the relative contribution of each marker in each pixel. Efforts have been made to determine
configurations of imaging parameters to achieve optimal fluorescence signal separation, but most of these efforts concern
systems which work by either filtering both excitation and emission light in narrow bands or by tracking fluorescence
lifetime."®

We have recently developed a new hyperspectral imaging approach which scans the excitation spectrum of
fluorophores and collects emitted light in very large bands (350+ nm), allowing a much faster scanning speed and higher
signal-to-noise ratio.'” Here, we examine the effects of the number of channels, spectral range of scanning, and spacing
of center wavelengths on the spectrally unmixed data taken from cells labeled with at least 4 distinct fluorescent markers.
We evaluated using spectral data provided by the manufacturer versus obtaining a spectral library from the data
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acquisition system itself for use in unmixing. Additionally, we compared simple RGB coloring to unmixed component
false coloring. Finally, we evaluated channel selection by subsampling each spectral scan originally taken every 5 nm at
10, 15, 20, 25, and 40 nm increments, as well as choosing only the excitation wavelengths that correspond to the peak
excitation wavelength of each label. Initial results suggest that surprisingly few excitation wavelengths are necessary to
achieve unmixing results similar to results generated from an oversampled dataset.

2. METHODS

2.1 Cell Preparation

Human embryonic kidney 293 (HEK-293) cell culture was performed as described previously.”>** Briefly, HEK-
293 cells were maintained in 10 mL of Minimal Essential Medium (MEM, Life Technologies Inc., Grand Island, NY)
containing 10% (vol/vol) fetal bovine serum (Sigma), 100 U/ml penicillin, and 100 pg/ml streptomycin, pH 7.0. Cells
were grown in 100 mm culture dishes at 37° C in a humidified atmosphere of 95% air, 5% CO,. Confluent monolayers
were passaged using phosphate-buffered saline containing 0.03% EDTA. Cells were seeded onto 25 mm laminin-coated
round glass coverslips and were grown to 70-80% confluency (about 48 h). Prior to imaging, cells were transferred to
Attofluor holders (Thermo Fisher Scientific) and covered with 1 ml of extracellular buffer solution containing 145 mM
NaCl, 4 mM KCIl, 20 mM HEPES, 10 mM D-glucose, 1 mM MgCl,, and 1 mM CaCl,, at pH 7.3.

2.2 Excitation-scanning microscope setup and image acquisition

All imaging was performed on an inverted fluorescence microscope (TE2000-U, Nikon Instruments, Melville, New
York), a 60X objective (Plan Apo VC 60X/1.2 WI «/0.15-0.18 WD 0.27, Nikon Instruments) and Laser-Driven Light
Source (EQ-77 LDLS, Energetiq, Woburn, MA) for excitation. Excitation wavelength tuning (340 to 550 nm in 5-nm
increments) was achieved via a custom array of five thin-film tunable filters (TBP01-378/16, TBP01-402/16, TBPO1-
449/15, TBP01-501/15, and TBP01-561/14, Semrock Inc., Rochester, New York) immediately following the excitation
source. The tunable filters were mounted in a high-speed tiltable filter-wheel (Lambda VF-5, Sutter Instrument
Company). A filter cube consisting of a long-pass emission filter (BLP02 561R-25, Semrock Inc.) and a dichroic
beamsplitter (FF555-Di03, Semrock Inc.) was utilized to separate excitation from emission light at 550 nm. Fluorescence
images were acquired using a high-sensitivity scientific complementary metal-oxide semiconductor (sCMOS) camera
(Prime 95B, Photometrics, Tucson, AZ).

2.3 Image Processing and Analysis

Spectral images were processed into image stacks with a custom MATLAB (MathWorks, Natick, MA) script.
Resultant images were visualized with ENVI software (Exelis Visual Information Solutions, Boulder, CO) as three-
dimensional image cubes composed of two spatial and one spectral dimension (spectral image cube). Images were false
colored in the spectral dimension according to wavelength-dependent intensity. Blue, green, and red false-colorings were
applied to the images at 10%, 50%, and 90% of the spectral range, respectively. Background subtraction and
wavelength-dependent illumination were completed as described previously.”* > Briefly, a pixel-averaged background
spectrum was extracted from regions of the image containing no cells then subtracted from the image stack. Image stacks
were then corrected for wavelength-dependent illumination by multiplication of correction coefficients determined by
use of a NIST-traceable lamp (LS-1-CAL-INT, Ocean Optics, Inc.) and a fiber-coupled spectrometer (QE65000, Ocean
Optics, Inc.) as described previously.”

2.4 Spectral Libraries

A total of 6 fluorescent labels, all acquired from Thermo Fisher Scientific, were used for this study. The labels were:
Tetramethylrhodamine conjugated wheat germ agglutinin (TRITC WGA, W849), Calcein Green AM (C34852),
MitoTracker Green FM (M7514), Fura Red AM (F3021), Fura-2 AM (F1221), and NucBlue (R37605). All labels were
added to the previously described buffer solution and incubated for 20 minutes, with the exception of WGA which was
added 5 minutes prior to rinsing to avoid nonspecific labeling, per manufacturer instructions. Labels were added in the
following concentrations: Calcein Green AM, Fura-2 AM, and Fura Red AM at 20 uM; MitoTracker Green FM at 100
nM; TRITC WGA at 5 pg/ml; and NucBlue at 3 drops per 1 ml buffer. To generate a spectral library, each label was
added alone to a single coverslip of HEK-293 cells to generate a single-label control spectrum.

Additionally, Thermo Fisher Scientific has the spectral information for these dyes available via the Thermo Fisher
Scientific Fluorescence SpectraViewer. Data from the SpectraViewer were exported and plotted in 5 nm increments for
comparison with the spectral library generated from the single-label controls acquired using the excitation-scanning
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microscope. As in the spectral data generation and acquisition described below, the libraries were subsampled to
determine efficacy of unmixing with fewer excitation wavelength datapoints.

2.5 Spectral Image Analysis

Spectral images were analyzed with both ENVI software and custom MATLAB scripts. First, the processed
hyperspectral image cubes were opened with ENVI software for visualization. Next, a custom MATLAB script utilized
non-negatively constrained linear regression for spectral unmixing to generate a fluorescence intensity image per
fluorophore in a given library. Any signal not accounted for by spectral unmixing was included as the root-mean-square
(RMS) error. The RMS error calculation has been described previously.*

3. RESULTS AND DISCUSSION

A key step when unmixing a spectral data set is to ensure the accuracy of the library. To that end, the excitation
spectral data for each label was collected and exported from the Thermo Fisher Scientific Spectra Viewer and pared
down to every 5 nm of the spectral range considered in the following experimental scans (Figure 1). For comparison,
each individual label was also added alone to a single coverslip containing confluent HEK-293 cells. An additional
coverslip was used to collect any autofluorescence data from the HEK-293 cells. No fewer than four fields of view were
collected and averaged to generate the spectral library data for each fluorescent label (and autofluorescence). Both
spectral libraries are shown in Figure 1. It is worth noting that both Fura-2 and Fura Red have different excitation spectra
depending on whether the label is bound or free. The library obtained from the excitation-scanning microscope does not
account for these different spectra, opting instead for a single excitation spectrum of each Fura. Furthermore, there is no
autofluorescence data available for the HEK-293 cell line through the Thermo Fisher Scientific Spectra Viewer.

There are a few important observations to make about the excitation-scanning library. First, a number of the
fluorescent labels with longer excitation peak wavelengths in the Spectra Viewer library (Fura Red, MitoTracker Green,
TRITC WGA) were measured to have peaks in the ultraviolet region on the excitation-scanning system. This is
potentially an artifact of insignificant background removal which was amplified when the correction factor was applied,
as the correction factor adjusts the intensities based on illumination power per wavelength. As this light source produces
more intense light in the visible spectrum than the ultraviolet region, it is possible that any background noise in the
ultraviolet region not sufficiently removed during background subtraction was scaled up during the correction process.
Similarly, there is a peak that appears in each label (including autofluorescence) at 455 nm. This peak also appears to be
intensity dependent, as the labels with a higher normalized intensity at that wavelength appear to show a more dramatic
increase in that wavelength alone. However, as all of the data obtained throughout this study were processed in the same
manner as the library data, it is likely that these same shifts appear in the rest of the datasets and the reported library is
therefore appropriate for this study.

A comparison of spectral unmixing with these two libraries as well as a standard RGB false-coloring is shown in
Figure 2 (Left Column). The process of RGB false-coloring excitation-scanning hyperspectral images has been described
in detail previously.”* Briefly, the corrected wavelength-dependent intensity images at 10%, 50%, and 90% of the
spectral range of the excitation scan were colored blue, green, and red respectively. In the case of a 340 — 550 nm range,
these are the 355, 445, and 530 images. The above non-negatively constrained unmixing algorithm was applied to the
same set of images using both the excitation-scanning microscope and Spectra Viewer libraries. Each image was linearly
scaled for visualization purposes only between the range of minimum and maximum intensity per image and given a
false color. The false color images were subsequently merged as a composite image.

Visually, the RGB image leaves much to be desired (Figure 2 — Left Column). The cell nuclei are clearly
discernable in the 355 nm image and the cell membranes (labeled with the TRITC WGA) are clearly discernable in the
530 nm image, but every other label is either agglomerated into the 445 nm image or partially contained in the other two
wavelength images. The result is a blurry image with fairly well defined nuclear and membrane regions, but little else.
The comparison between unmixing libraries gives much more detail. When reporting the data unmixed with the Spectra
Viewer library (Figure 2 — Center Column), the images for the “bound” and “free” Fura labels were combined for each
respective label. That is, the “Fura-2” and “Fura Red” images from the unmixed data using the Spectra Viewer library
are the summed images of the unmixed Fura-2 (Free) + Fura-2 (Bound) and Fura Red (Free) and Fura Red (Bound)
images, labeled in Figure 2 as Fura-2 (Total) and Fura Red (Total). Both libraries yielded similar unmixing data for
NucBlue, Calcein Green, and TRITC WGA. Coincidentally, these are the three brightest labels present in the sample.
However, both the Fura labels and the MitoTracker label show significant differences. Notably, the Fura-2 image
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unmixed with the Spectra Viewer library is very similar to the NucBlue image, while unmixing with the library obtained
from the excitation-scanning microscope (Figure 2 — Right Column) shows more signal spaced throughout the cytosol.
Additionally, the microscope library shows Fura Red in much more concentrated regions whereas the Spectra Viewer
library suggests that Fura Red is almost omnipresent. Similarly, the Spectra Viewer library suggests than an unlikely
high percentage of pixels contain signal from MitoTracker Green, while the microscope library places those signals in
discrete locations near the nuclei; a much more realistic distribution for mitochondria. The composite images are even
more telling. Due to the additive nature of light when creating these false-color composite images, a large portion of the
Spectra Viewer library composite image appears white, indicating that there is appreciable unmixed signal from virtually
every fluorescent label in those pixels. Furthermore, the locations and concentrations of the unmixed signals obtained
with the microscope library appear visually more. In either case, the overwhelmingly bright nature of the Calcein Green
label, coupled with it being one of three calcium labels present in the experiment, led us to exclude it from future
experiments. With these details in consideration, the remaining unmixing will be performed using the excitation-
scanning spectral microsocpe library.

With the proper library for spectral unmixing established, we next sought to investigate an optimal center
wavelength spacing to achieve acceptable levels of fluorescent label separation. That is, we subsampled our data set
(originally acquired by collecting excitation-scanning data every 5 nm using filters with bandpasses between 13-17 nm)
to simulate data acquired every 10, 15, 20 (Figure 3, top row), 25, and 40 nm (Figure 3, middle row) using the same filter
set. Additionally, rather than equally spacing the center wavelengths, we simulated an experimental set containing the
excitation wavelength images that correspond to the peak excitation wavelength of each fluorescent label (Figure 3,
bottom row). In this case, the selected wavelengths were 340 nm (autofluorescence), 345 nm (NucBlue), 370 nm (Fura-
2), 455 nm (Fura Red), 475 nm (Fura Red), 500 nm (MitoTracker Green), and 550 nm (TRITC WGA). Due to the nature
of spectral unmixing algorithms, the Fura-2 peak was chosen to correspond to the data acquired from the Spectra Viewer
library, as the reported microscope library peak is shared with NucBlue, leaving too few datapoints for the unmixing
algorithm to work appropriately. That is, there must be as many excitation wavelength images as fluorescent labels when
unmixing or the algorithm will report infinitely many best solutions.'®*’ Similarly, as the reported Fura Red maximum is
the curious peak present at 455 nm, the excitation wavelength with the second-highest intensity (475 nm) was also
chosen for inclusion in the “peak wavelength” library to both aid in proper dimensionality and an accurate representation
of the Fura Red label.

The results of spectral unmixing with varied spacing between center wavelengths are surprisingly similar (Figure 4).
The original spacing of 5 nm was chosen as a set of control unmixed images. As the bandwidths of the spectral filters
were between 13-17 nm, the 20 nm distance was chosen to show a data set where the spectral data among center
wavelengths constitute nearly the entire range of the chosen excitation spectrum, but no longer satisfy the contiguous
definition that hyperspectral imaging requires. The 40 nm distance represented the furthest, equidistant spacing possible
while leaving enough datapoints for the unmixing algorithm to function. In other words, the 40 nm distance represents
the fewest possible datapoints that still satisfy the experimental conditions. Finally, the “peak wavelength” library was
chosen to simulate traditional fluorescence imaging done with specific filter cubes (e.g. TRITC filter cube). The
MitoTracker Green, NucBlue, and TRITC WGA label images appear virtually identical when unmixed with each of
these libraries. Slight differences are noticeable in the WGA TRITC images near the top where the cells are clustered and
the regions of the cells that correspond to the nucleus became a little sparser. Similarly, fewer pixels were identified to
have MitoTracker Green signal as the spacing between center wavelengths increased, but the overall images still appear
to be similar. However, both Fura labels appear less specific as this distance increases. In particular, the 40 nm and “peak
wavelength” spacing images contain more identified pixels in sporadic regions, resulting in a blurry, halo-like effect.
Perhaps the most dramatic difference was observed in autofluorescence images. HEK-293 cells were chosen for these
experiments because they are believed to contain little (negligible) autofluorescence. Yet, as the center wavelength
spacing increased, far more of the pixels were identified to contain autofluorescence. Regardless of the wavelength
spacing, the composite images are all very similar, with the exception of the unmixing performed with the “peak
wavelengths” library, where several purplish hazes can be seen throughout the image. However, perhaps the most
interesting result is seen in the RMS error row. It appear that the reduction in number of datapoints required for proper
fitting results in a smaller error term for most pixels in these images as evidenced by the more sporadic and overall less
intense images generated from data sets with fewer datapoints. These data suggest that the increase in acquisition speed
and potential reduction in photobleaching reduction are worth the small quality sacrifice in unmixed data generated from
widely spaced excitation wavelengths.
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4. CONCLUSIONS AND FUTURE WORK

Excitation-scanning hyperspectral imaging is still a recent and infrequently adopted technology. However, new
applications of this technology are being investigated as the benefits of excitation-scanning become more well-
established.'***?*3* As with any new technology, its usefulness and potential applications will expand as devices
become more optimized. To that end, it will be necessary to determine the optimal imaging parameters for each desired
application. An important first step in any sort of experimentation with complex systems is to first identify how the data
are to be assessed. Figure 2 shows that a simple RGB coloring may be sufficient for some applications, given careful
selection of fluorescent labels. However, taken together, Figures 1 and 2 demonstrate that, while manufacturer data may
be very good, the response on any individual system and to diverse experimental conditions may vary. Thus, it is
important to, whenever possible, generate a spectral library of single-labeled controls using the same system that will be
used for data acquisition. Finally, the data shown here indicate that, while considering only the peak excitation
wavelengths as data points for a given data set are not optimal in some applications, acceptable unmixing quality may be
achieved by using as few equally spaced excitation wavelengths as number of fluorescent labels in a given experimental
system.

There are several aspects of this experiment that we wish to improve upon in the future. First, like Neher’s
optimization paper for spectral (emission) systems,18 we would like to determine a quantitative, objective measurement
of optimized imaging parameters as opposed to the subjective metric of simply visualizing the unmixed images.
Furthermore, some of the data generated from the single-label controls and subsequent data correction show curious,
unexpected details in their excitation spectral data, such as peak excitation wavelengths in the UV region for probes
known to fluoresce in the visible spectrum and the curious, intensity-dependent peaks at 455 nm. In the future, we will
take much more care to eliminate any scaling artifacts caused by either improper background subtraction or correction
factor multiplication. Additionally, the concentrations of the labels here did not necessarily equate in terms of total
intensity. The Calcein Green and NucBlue labels in particular were much brighter than the rest of the labels. In future
experiments, we will run several more control experiments to determine the proper concentrations of each label to
achieve a more uniform response from the fluorescent label mixtures. Similarly, the excitation-scanning microscope
library considered only Fura-2 and Fura Red as determined from a single experimental condition, whereas these probes
have different spectra when they are in calcium bound or unbound states. In the future, we will recollect the spectral data
from these probes in calcium-poor and calcium-rich environments to achieve a more accurate spectral library. Finally,
these experiments focused primarily on the number of channels and the spacing between them. In the future, we would
also like to explore the effects of varied exposure times and alteration of the range of spectral scans.
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Figure 1. Libraries for excitation-scanning spectral unmixing. All values were normalized to a value of unity at the
wavelength with the strongest signal. (Top) Library created from exported Thermo Fisher Scientific Spectra Viewer taken
every 5 nm between 340 and 550 nm. Calcein Green (light green solid), Bound Fura Red (red short dash), Free Fura Red
(red long dash), Bound Fura-2 (purple short dash), Free Fura-2 (purple long dash), NucBlue (blue solid), MitoTracker Green
(green solid), and TRITC WGA (orange solid). (Bottom) Library created from single-label measurements taken on the
excitation-scanning microscope every 5 nm between 340 and 550 nm. Autofluorescence (black solid), NucBlue (blue solid),
TRITC WGA (orange solid), Calcein Green (light green solid), Fura-2 (purple solid), Fura Red (red solid), and MitoTracker
Green (green solid).
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Figure 2. Comparison among visualization techniques. The left column shows the process of RGB coloring. The first three
panels show the original three excitation wavelengths images chosen for false coloring, the same three images with false-
color look-up tables applied, and the resultant composite image generated when the false-colored images are merged. The
center column shows the component-wise false-colored results of spectral unmixing performed with the library taken from
the Thermo Fisher Scientific Spectra Viewer. The right column shows the same component-wise false-colored results of
spectral unmixing when performed with the library generated from the excitation-scanning spectral microscope. False color
look-up tables applications for the center and right columns are as follows: blue NucBlue, magenta Fura-2, red Fura Red,
cyan Calcein Green, green MitoTracker Green, yellow TRITC WGA, and an overlaid composite of these images.
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Figure 3. Libraries used for sub-selected spectral unmixing. All values were normalized to a value of unity at the wavelength
with the strongest signal. The coloring is identical for all three plots: Autofluorescence (black), NucBlue (blue), TRITC
WGA (orange), Fura-2 (purple), Fura Red (red), and MitoTracker Green (green). (Top) The excitation-scanning library with
normalized intensity values sub-selected every 20 nm. (Middle) The excitation-scanning library with normalized intensity
values sub-selected every 40 nm. (Bottom) The excitation-scanning library with normalized intensity values sub-selected to
correspond to the values containing the most intense excitation wavelength per library component.
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Figure 4. Component-wise comparison of spectral unmixing using sub-selected excitation wavelength images. From left to
right, the columns show false-colored, unmixed images for center wavelength spacing every 5 nm, every 20 nm, every 40
nm, and specially chosen to correspond to “peak wavelengths™ as described in Figure 3. From top to bottom, components
include autofluorescence, Fura-2, Fura Red, MitoTracker Green, NucBlue, and TRITC WGA. The penultimate row contains
the composite images generated from merging the images above them. The bottom row shows the visualized RMS error.
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