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spectral imaging microscopy modality we have developed, called excitation-scanning hyperspectral imaging.
In the manuscript, we provide details regarding set up of an excitation-scanning hyperspectral imaging
microscope system, configuration of software for running the system, calibration of the system to NIST-
traceable response, and the procedure for acquiring experimental data using the system. In prior work, we
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SUMMARY:

Spectral imaging has become a reliable solution for identification and separation of multiple
fluorescence signals in a single sample and can readily distinguish signals of interest from
background or autofluorescence. Excitation-scanning hyperspectral imaging improves on this
technique by decreasing the necessary image acquisition time while simultaneously increasing
the signal-to-noise ratio.

ABSTRACT:

Several techniques rely on detection of fluorescence signals to identify or study phenomena or
to elucidate functions. Separation of these fluorescence signals were proven cumbersome until
the advent of hyperspectral imaging, in which fluorescence sources can be separated from each
other as well as from background signals and autofluorescence (given knowledge of their
spectral signatures). However, traditional, emission-scanning hyperspectral imaging suffers
from slow acquisition times and low signal-to-noise ratios due to the necessary filtering of both
excitation and emission light. It has been previously shown that excitation-scanning
hyperspectral imaging reduces the necessary acquisition time while simultaneously increasing
the signal-to-noise ratio of acquired data. Using commercially available equipment, this
protocol describes how to assemble, calibrate, and use an excitation-scanning hyperspectral
imaging microscopy system for separation of signals from several fluorescence sources in a
single sample. While highly applicable to microscopic imaging of cells and tissues, this
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technique may also be useful for any type of experiment utilizing fluorescence in which it is
possible to vary excitation wavelengths, including but not limited to: chemical imaging,
environmental applications, eye care, food science, forensic science, medical science, and
mineralogy.

INTRODUCTION:

Spectral imaging may be performed in a variety of ways and is referred to by several terms'™.
In general, spectral imaging refers to data acquired in at least two spatial dimensions and one
spectral dimension. Multispectral and hyperspectral imaging are most often distinguished by
the number of wavelength bands or whether the spectral bands are contiguous?. For this
application, hyperspectral data is defined as spectral data acquired with contiguous wavelength
bands achieved by spacing of center wavelengths no less than half the full width at half
maximum (FWHM) of each bandpass filter used for excitation (i.e., 5 nm center wavelength
spacing for bandpass filters with 14—20 nm bandwidths). The contiguous nature of the data
bands allows for an oversampling of the dataset, ensuring that Nyquist criteria are satisfied
when sampling the spectral domain.

Hyperspectral imaging was developed by NASA in the 1970s and 1980s in conjunction with the
first Landsat satellite>®. Collecting data from several contiguous spectral bands allowed the
generation of a radiance spectrum of each pixel. Identifying and defining the radiance spectrum
of individual components made it possible to not only detect surface materials by their
characteristic spectra, but it also allowed for the removal of intervening signals, such as
variations in the signal due to atmospheric conditions.

The concept of detecting materials using their characteristic spectra was applied to biological
systems in 1996 when Schrock et al. used combinations of five different fluorophores and their
known spectra to distinguish labeled chromosomes in a process termed spectral karyotyping’.
This technique was elaborated upon in 2000 by Tsurui et al. for fluorescence imaging of tissue
samples, using seven fluorescent dyes and singular value decomposition to achieve spectral
separation of each pixel into linear combinations of spectra in the reference library®. Similar to
their remote sensing counterparts, the contribution of each known fluorophore can be
calculated from the hyperspectral image, given a priori information of the spectrum of each
fluorophore.

Hyperspectral imaging has also been used in the areas of agriculture®, astronomy?°,
biomedicine!!, chemical imaging'?, environmental applications!3, eye care!?, food science®>,
forensic science'® 17, medical science’®, mineralogy®®, and surveillance?. A key limitation of
current fluorescence microscope hyperspectral imaging systems is that the standard
hyperspectral imaging technology isolates fluorescence signals in narrow bands by 1) first
filtering the excitation light to control sample excitation, then 2) further filtering emitted light
to separate the fluorescence emission into narrow bands that can later be separated
mathematically?®. Filtering both the excitation illumination and emitted fluorescence reduces
the amount of available signal, which lowers the signal-to-noise ratio and necessitates lengthy
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acquisition times. The low signal and lengthy acquisition times limit the applicability of
hyperspectral imaging as a diagnostic tool.

An imaging modality has been developed that makes use of hyperspectral imaging but boosts
the available signal, thereby reducing the necessary acquisition time?'22. This new modality,
called excitation-scanning hyperspectral imaging, acquires spectral image data by varying the
excitation wavelength and collecting a broad range of emitted light. It has been previously
shown that this technique yields orders of magnitude increases in signal-to-noise ratio
compared to emission scanning techniques?%?2, The increase in signal-to-noise ratio is largely
due to the wide bandpass (~¥600 nm) of emission light detected, while specificity is provided by
filtering only the excitation light instead of the fluorescence emission. This allows all emitted
light (for every excitation wavelength) to reach the detector?!. Additionally, this technique can
be used to discriminate autofluorescence from exogenous labels. Furthermore, the ability to
reduce acquisition time due to increased detectable signal reduces the danger of
photobleaching as well as allows spectral scans at an acquisition rate that is acceptable for
spectral video imaging.

The goal of this protocol is to serve as a data acquisition guide for excitation-scanning
hyperspectral imaging microscopy. In addition, descriptions are included that help to
understand the light path and hardware. Also described is the implementation of open-source
software for an excitation-scanning hyperspectral imaging microscope. Finally, descriptions are
provided for how to calibrate the system to a NIST-traceable standard, adjust software and
hardware settings for accurate results, and unmix the detected signal into contributions from
individual components.

PROTOCOL:
1. Device set-up

1.1) Light source: select a broad-band spectral light source with high power output and high
collimation (a 300 W Xe arc lamp was used for these studies).

1.2) Shutter (optional): add a shutter to the optical path to reduce photobleaching for time-
lapse imaging.

1.3) Tunable filter system: incorporate a mechanical tuning assembly and thin-film tunable filter
(TFTF) set to enable the desired wavelength-adjustable excitation range (e.g., 340-550 nm).

1.4) Microscope: use an inverted fluorescence microscope including a motorized dichroic filter
turret and controller.

1.4.1) Fluorescence filter cube: assemble a long-pass fluorescence filter cube. For best results,
choose a dichroic mirror and long-pass emission filter at the same wavelength to achieve
optimal separation of excitation from emission light (e.g., 495 nm).
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1.4.2) Objective: use an appropriate apochromatic objective to ensure uniform focus over the
wavelength range used for the experiment (a 60x water objective was used for this study).

1.4.3) Automated stage (optional): use an automated stage for rapid sampling of multiple fields
of view and/or very large fields through image stitching. Calibrate the stage with the objective
and the camera.

1.5) Camera: select an appropriate camera to achieve the spatial resolution, sensitivity, and
noise requirements of the experiment (this system utilized a high-sensitivity sSCMOS camera).

2. Acquisition software

2.1) Choose a software package that allows independent control of each hardware component,
such as Micro-Manager.

2.1.1) Creating the configuration file: the configuration file is a saved set of instruments and
instructions that Micro-Manager will load to operate the system’s hardware. To create a
configuration file, click Tools > Hardware Configuration Wizard.

2.1.1.1) In step 1, click Create new configuration > Next to continue. Note that the user may
choose to modify or explore existing configuration if one is available already.

2.1.1.2) In step 2, browse the Available Devices list to find the devices to control through
Micro-Manager, such as the microscope, lamp, stage, shutter, and camera. When highlighted,
click the Add... button to add the device to the installed devices list. This will open a new
window.

2.1.1.2.1) Designate the device’s label in the Label box. (e.g., sSCMOS camera)

2.1.1.2.2) Under Value, select the appropriate COM port for each device. This will cause a list of
device properties to appear in the bottom of the window.

2.1.1.2.3) Leave the device properties at their default settings. Note that custom values for
each device property may be entered as desired.

2.1.1.2.4) When each device is added, click the Next button to continue to the next step. Note
that if any devices are left out or need to be changed, the configuration file can be modified
later as described in step 2.1.1.1.

2.1.1.3) In step 3, use the drop-down menus to select the default camera, shutter, and focus
stage. If auto-shutter is desired, click the Check box below the focus stage drop-down list. If the
focus direction of the Z-stage is known, select it from the drop-down list under Stage focus
directions (advanced). Otherwise, leave the default as Unknown.
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2.1.1.4) In step 4, double-click the boxes under the Delay [ms] heading to set delays associated
with the automated devices such as delays of 100 ms for the lamp, stage, and shutter, and a
250 ms delay for commands to the mechanical tuning assembly to account for the mechanical
switching time between filters.

2.1.1.5) In step 5, assign labels for the state devices. The configuration for the excitation-
scanning microscope system uses labels in the filter block to identify each fluorescence filter
cube (e.g., state O corresponds to the label Bright, the empty filter cube used during bright-field
imaging; while state 3 corresponds to the label 495 nm and custom 495 nm dichroic filter cube
used to separate excitation and emission light at 495 nm). Labels are also used in the
mechanical tuning assembly to store the switching commands for each excitation wavelength
(e.g., state O corresponds to the 340 nm excitation wavelength tuning command for the
mechanical tuning assembly).

2.1.1.6) In step 6, click the Browse button next to the Configuration file box to choose a save
location and file name for the configuration file. Click finish to save the configuration file.

2.1.2) Startup groups and presets: Micro-Manager can store different groups within each
configuration file to activate or change a subset of the hardware. For example, a “system
startup” group and preset combination will store default settings such as binning size and
readout rates for the camera.

2.1.2.1) Create a group (e.g., System) by clicking + in the main window in the Group subsection.

2.1.2.2) Check any Use in Group? boxes inside the group that will require a default value to be
set (e.g., binning in the associated default camera).

2.1.2.3) Create a new preset (e.g., “Startup”) by clicking + in the main window in the Preset
subsection.

2.1.2.4) Each box checked in step 2 will appear as a preset option here. Choose a default value
to be loaded for each box checked.

2.1.3) Group and presets for excitation wavelengths: Micro-Manager treats each excitation
wavelength as its own channel with it its own wavelength switching command; therefore, each

must be saved as its own preset.

2.1.3.1) Create a new group to contain a set of desired excitation wavelengths (e.g., “495 nm
dichroic”)

2.1.3.2) Check the Use in Group? box named Label corresponding to the VF-5 device.

2.1.3.3) Create a new preset named for each excitation wavelength (e.g., “340 nm”).
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2.1.3.4) Assign to each preset the appropriate property name and preset value (e.g., property
name: “Label”; preset value: “340 nm”).

2.1.4) Multi-dimensional acquisition tool: click Multi-D Acq. near the top left of the Micro-
Manager window to open a customizable tool to use for capturing an image of the sample at
each excitation wavelength with the click of a single button. There are several customization
options to construct the acquisition exactly as desired.

2.1.4.1) Timepoints (not used in this example): for studies with no time-lapse component, leave
the box unchecked. If time-lapse studies are desired, check this box. If checked, enter the
number of times to perform the rest of the acquisition settings in the Number box. Set the time
between successive acquisitions by entering the duration in the Interval box and choose the
proper unit (milliseconds, seconds, or minutes; usually seconds).

2.1.4.2) Multiple positions (XY; not used in this example): for studies of a single XY position,
leave the box unchecked. If multiple XY positions are desired, check the box and click the Edit
position list button to open a separate window. Move the stage to each desired location and
click the Mark button to save that position in the software. Repeat until all desired XY positions
are marked. Close this window to continue.

2.1.4.3) Z-stacks (slides; not used in this example): for studies of a single Z position, leave the
box unchecked. If multiple Z positions are desired, check the box. Move the stage to the desired
beginning Z position and click the Set button next to the Z-start box. Move the stage to the
desired ending Z position and click the Set button next to the Z-end box. Enter the desired step
size (in microns) in the Z-step box.

2.1.4.4) Channels: ensure that the Channels box is checked. Here, channels are the names given
to the individual excitation wavelengths. Available “Channels” correspond to the “Groups”
described in steps 2.1.2 and 2.1.3.

2.1.4.4.1) Group: click the drop-down list to select a group from which to choose available
excitation wavelengths (e.g., 495 nm dichroic).

2.1.4.4.2) Click the Keep Shutter Open box to keep the shutter open between acquisitions for
each channel. Note that the shutter will still close between successive spectral scans if this box
is checked, assuming the autoshutter option is also selected in the main window.

2.1.4.5) Click the New button to add channels to the acquisition list. Note that the Remove
button can be used to remove any channels no longer desired and that Up and Down can be
used to reorder any selected channel.

2.1.4.5.1) Ensure that the Use? checkbox is selected for each desired wavelength in the
spectral scan.
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2.1.4.5.2) Configuration: click the drop-down list under Configuration and choose the first
wavelength in the desired spectral range (e.g., 340 nm).

2.1.4.5.3) Exposure: double-click the box under Exposure and input the desired exposure time
for the selected wavelength (e.g., “100” for 100 ms). See section 5 (“Data Acquisition”) for
suggestions to select appropriate exposure times.

2.1.4.5.4) Z-offset (not applicable in a spectral scan): leave this box blank (at 0) when
performing a spectral scan.

2.1.4.5.5) Z-stack: ensure that this box is checked for each wavelength in the spectral range if
performing a Z-stack.

2.1.4.5.6) Skip Fr. (not applicable in a spectral scan): leave this box blank (at 0) when performing
a spectral scan. Note that it may be useful to selectively skip frames in the event that one or
few excitation wavelengths are significantly more powerful than others or if individual
excitation wavelengths prove to be especially phototoxic.

2.1.4.5.7) Color: leave this box blank when performing a spectral scan. Note that colors can be
chosen for individual wavelength bands for data visualization purposes, but color is
inappropriate for subsequent spectral unmixing.

2.1.4.5.8) Repeat these steps until each desired excitation wavelength within the given spectral
scanning range is added.

2.1.4.6) Acquisition order: click the drop-down list to choose in which order the above options
(2.1.4.1-2.1.4.5) will be performed. For spectral scans such as the one shown here, the
acquisition order is simply Channel. Note that additional options appear as additional boxes are
checked within the Multi-Dimensional Acquisition tool [timepoints, Multiple Positions (XY), and
Z-stacks (slices)] and allow the choice of either position or time first, followed by either slice or
channel.

2.1.4.7) Autofocus (not used in this example): If Multiple Positions (XY) is selected, several
different styles of autofocusing are available. Click the Options button and select an autofocus
method from the drop-down list beside the close button.

2.1.4.8) Summary: review this window for a summary of number of timepoints, XY positions, Z
slices, channels, total number of images, total memory, scan duration, and acquisition order to
ensure the listed information matches expected acquisition settings.

2.1.4.9) Save images: ensure that this box is checked to save the data collected through use of
the Multi-Dimensional Acquisition tool.
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2.1.4.9.1) Click the ... button next to Directory root to choose a directory root in which the files
will be saved. Name the directory root in a fashion that describes relevant details of the
experiment (e.g., GCaMP Airway Smooth Muscle Cells).

2.1.4.9.2) Enter a name in the box next to Name prefix that describes the current image
acquisition (e.g. FOV1_100ms_60X_495nmDichroicFilter). It is advisable to create a name prefix
that identifies the field of view and exposure time, as well as other relevant information such as
the object and dichroic filter used. Note that the first image stack taken using these settings will
be saved with “_1” following the name prefix. Any subsequent stack taken with the same
directory root and name prefix will be saved with “_n”, in which “n” is the number of times a
stack has been taken with this name in the directory.

2.1.4.9.3) Click Separate image files to ensure the image generated at each excitation
wavelength is saved.

2.1.4.10) Save as: click the Save as... button near the top right of the Multi-Dimensional
Acquisition tool to save these acquisition settings for easy future use. Note that the directory
root and name prefixes will be saved, as well.

2.1.4.11) Acquire: finally, click the Acquire! button to begin acquiring images according to the
acquisition settings chosen above.

3. Spectral response correction (optional):

3.1) Spectral output correction can be performed to calibrate the spectral response of the
system to a known standard, such as a NIST-traceable lamp or other NIST-traceable standard or
instrument. This step is especially important if results are compared with other spectral imaging
instruments, spectrometers, or between different laboratories. This process has been reported
in detail previously?%-23,

3.1.1) Use a spectrometer calibrated to a NIST-traceable light source (such as LS-1-CAL-INT,
Ocean Optics) or other NIST-traceable standard to acquire the spectroradiometric power of the
illumination as measured at the sample stage. Perform a separate correction for each
combination of light source setting, dichroic mirror, and objective. Use an integrating sphere
coupled to the spectrometer to accurately measure wide-angle illumination from the
microscope objective.

3.1.2) Use an integration method, such as the trapezoidal rule, to integrate the
spectroradiometric data over wavelengths illuminated. A 40 nm bandwidth for integration
centered around the center wavelength is sufficient for most filters that have a nominal
bandwidth of between 14-20 nm full-width at half-maximum (FWHM). The integrated value
represents the intensity of the spectral illumination at each excitation wavelength band.
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3.1.3) Plot the integrated intensity of each wavelength band as a function of excitation center
wavelength to allow visualization of the spectral illumination intensity profile.

3.1.4) Determine the wavelength band with the lowest integrated intensity.

3.1.5) Normalize the spectral illumination intensity profile by dividing the lowest integrated
intensity by the integrated intensity of each wavelength band to generate a wavelength-
dependent correction factor.

4. Sample preparation

4.1) Prepare a “blank” sample (e.g., place a glass coverslip in the cell chamber and add 1 mL of
buffer). This buffer has been described previously?*.

4.2) Prepare an unlabeled sample to determine any sample autofluorescence (e.g., place a glass
coverslip containing unlabeled airway smooth muscle cells®>:26 in the cell chamber and add 1 mL
of buffer).

4.3) Prepare a separate, single-labeled sample for each fluorescent label used in the experiment
as follows:

4.3.1) Add diluted mitochondrial label to buffer to achieve a 100 nM concentration. Add this
buffer to the coverslip containing airway smooth muscle cells. Incubate for 20 min at 20-25 °C.
Move the coverslip to the cell chamber and add 1 mL of buffer. Note that the optimal
concentration of mitochondrial label will vary by factors such as manufacturer, associated color,
and desired specificity.

4.3.2) Move a coverslip containing airway smooth muscle cells transfected with the GCaMP
probe?’ to the cell chamber and add 1 mL of buffer.

4.4) Prepare one or more experimental samples containing a mixture of the desired fluorescent
labels.

4.4.1) Add 1 mL of buffer (100 nM concentration of mitochondrial label) to a coverslip
containing airway smooth muscle cells transfected with the GCaMP probe and incubate for 20
min at 20-25 °C. Move the coverslip to the cell chamber and add 1 mL of buffer.

5. Data acquisition and image analysis:

5.1) Check that the proper dichroic beamsplitter (e.g., 495 nm dichroic filter cube), objective
(e.g., 60x water objective), and camera (sCMOS camera) are selected.

5.2) Load the sample on the stage.



396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

5.3) Double-click the box next to Exposure [ms] and type “100” to set the exposure time at 100
ms. Note that the exposure time may need to be increased or decreased depending on the
fluorescence intensity of the sample.

5.4) Select 475 nm from the drop-down menu of the Micro-Manager main window for initial
sample viewing. Note that 475 nm may not be the optimal wavelength for sample viewing or
determining whether oversaturation will occur throughout the image stack.

5.5) Click Live to view the sample.

5.5.1) Click the automatic intensity viewing range button Auto next to the histogram on the
bottom of the window to bring the minimum and maximum values into meaningful visual
ranges.

5.6) Use the microscope’s focus knobs to focus on the sample. It is often useful to find the edge
of the sample to aid in focusing. The sample will be focused when the edge features in the
image appear sharp. Note that it may be necessary to click the Auto button several times
during focusing to aid in viewing the fluorescence image. Additionally, some users may find it
easier to focus on the sample if the microscope is in transmission mode.

5.6.1) If focusing in transmission mode, for safety, first ensure that the spectral light source is
not transmitting light to the eyepieces before adjusting the light path for transmission imaging.
Also note that there may be small deviations between the focus of the transmission and
fluorescence images. When acceptable focus has been achieved, reconfigure the light path for
spectral fluorescence imaging.

5.7) Click the Multi-D Acq. button near the top left of the window to open the Multi-
Dimensional Acquisition tool (described and configured in section 2).

5.8) Choose an appropriate spectral range for spectral acquisition (e.g., 360-485 nm for the 495
nm dichroic filter) by clicking the Load... button in the upper right of the Multi-Dimensional
Acquisition tool window and navigating to the excitation settings saved previously (in step
2.1.4.10). See discussion for information regarding appropriate spectral ranges.

5.9) Acquire a background/blank image that contains no fluorescence data to use for
background and noise subtraction. This can be performed using a blank sample (step 4.1) or by
navigating to a blank region of an experimental sample. As described in step 5.6, this is most
easily achieved by finding the edge of the sample then positioning it so that the edge is
centered within the field of view.

5.9.1) Once the acquisition settings are confirmed and a background region is visible, click the
Acquire! button to acquire a spectral image stack containing background and noise to use for
subtraction later. It should be noted that samples are likely to have more intense fluorescence
away from the edge of the sample. It may be advisable to move about the sample to find the
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“brightest” regions and perform several test image stacks to determine appropriate acquisition
times and avoid overexposure.

5.10) Take a single image stack on a region of the sample that appears to have intense
fluorescence to ensure that no combination of wavelengths and that exposure times result in
overexposure.

5.11) Use Imagel to confirm that no wavelengths contain overexposed pixels.

5.11.1) In Imagel, click File > Import > Image Sequence and navigate to the folder containing
the spectral images taken in step 5.10. This will open a new window. Click the box next to
Number of images and enter the number of wavelengths included in the spectral scan (e.g.,
26). Leave Starting image and Increment as “1”. Click the OK button to continue.

5.11.2) Press M on the keyboard to utilize Imagel)’s measure function. Ensure that the number
listed under Max is not the upper detection limit of the camera (e.g., 65,535). Repeat for each
image in the spectral scan. Note that the detection limit of the camera depends on the camera
itself. The upper limit is displayed on the top right portion of the histogram in the main window
of MicroManager. Alternatively, the upper limit can be determined by opening an image in
Imagel) and navigating to Image > Adjust > Brightness/Contrast. Click the Set button in the
resulting pop-up window, enter an excessively large value (e.g., 999,999) in the blank next to
Maximum displayed value, and click OK to continue. The maximum value displayed in the new
histogram should be the upper detection limit of the camera.

5.11.3) If any images contained the upper detection limit of the camera (e.g., 65,535), adjust
the exposure time of the spectral scan to ensure that the maximum signal throughout the
spectral range does not exceed the dynamic range of the camera.

5.12) Acquire spectral image data from unlabeled samples to determine any autofluorescence.
Acquire the scan for the unlabeled samples using an identical wavelength range and camera
settings as the remainder of the experiment (e.g., 360-485 nm at 100 ms per wavelength).

5.13) Acquire spectral image data from single-labeled samples to use as spectral controls to
build the spectral library. Perform the scan for each label using an identical wavelength range,
exposure time, and camera settings. Note that a longer acquisition time may be needed for

some samples to allow accurate label spectrum detection with minimum noise contribution.

5.14) Perform measurements on an experimental sample (e.g., human airway smooth muscle
cells with GCaMP probe and mitochondrial label).

5.14.1) Place a slide or coverslip containing the experimental sample on the microscope.

5.14.2) Select a field of view with appropriately labeled cells of tissues.
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5.14.3) Acquire the spectral image data using the desired acquisition settings, as described
above.

6. Image analysis
6.1) Correct images to a flat spectral response.

6.1.1) Subtract the background spectrum obtained in section 5.9 and multiply by the correction
coefficient determined in section 3.1.5. This can be done with a simple MATLAB script or Image)
routine. A subtraction/correction MATLAB code (used in this example) is available on the
University of South Alabama Bioimaging Resources website.

6.1.1.1) Load the subtraction/correction code in MATLAB.

6.1.1.2) In the EDITOR tab, click Run. This will open a new window containing a Bsq Correction
button. Click the Bsq Correction button to open another window containing choices for working
directory, background file, correction factor file, and uncorrected tiff folder.

6.1.1.2.1) Use the Browse... button beside Working Directory to choose the file path where
subsequent windows will open. Navigate to the folder containing the saved background
spectrum (in .dat format).

6.1.1.2.2) Use the Browse... button beside Background File (.dat) to open the directory chosen
in step 6.1.1.2.1 and choose the desired background file (in .dat format). Click the Open button
to continue.

6.1.1.2.3) Use the Browse... button beside Correction Factor (.dat) to choose a correction
factor. The directory for the correction factor defaults to the location of the parent MATLAB
code. If necessary, navigate to the subfolder containing the correction factor file (in .dat
format). Highlight the proper correction factor file and click the Open button to continue.

6.1.1.2.4) Use the Browse... button beside Uncorrected Tiff Folder to open the directory chosen
in step 6.1.1.2.1 and choose the folder for background subtraction and image correction (this is
usually the Pos0 folder that immediately contains the raw spectral images). Click the Open
button to continue.

6.1.1.2.5) Click the Click for Spectral Correction button. After processing completes, a window
will open with the message “Bsqg Correction Complete”. Click the OK button to continue. The
correction images are stored in a new folder named with the original raw spectral image folder
and an additional “_Corrected” (e.g., PosO_Corrected).

6.2) Generate the spectral library. Several software packages can be used to extract spectral
data from images, including Imagel. For best results, normalize each endmember to the
wavelength band of greatest intensity by determining which wavelength band has the most
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intense value and dividing the measurement at each wavelength band by that maximum value.
It should also be noted that single-label controls generated within autofluorescent samples will
need additional modifications?®-32, See step 6.2.4 and discussion for details.

6.2.1) In ImageJ, click File > Import > Image Sequence. This will open a new window. Navigate
to the folder containing the corrected spectral images. Double-click any image file in the folder
to open a new window. Click the box next to Number of images and enter the number of
wavelengths included in the spectral scan (e.g., 26). Leave Starting image and Increment as “1”.
Click the OK button to continue.

6.2.2) In the Image) main window, click the Polygon selections icon, then use the mouse
pointer by clicking on the image to create a polygon around a region containing fluorescence
data. Note that there may be little to no fluorescence data in the initial wavelength. Navigate to
another wavelength image and/or use the brightness/contrast tool (Image > Adjust >
Brightness/Contrast > Auto) to better visualize regions containing fluorescence data of interest.

6.2.3) With the polygon drawn, generate the Z-axis profile by clicking Image > Stacks > Plot Z-
axis Profile. This will open a new window. Click Save to save the spectral data as a .csv file.

6.2.4) Perform a subtraction to ensure a proper spectral library with pure labels devoid of
autofluorescence contamination. Use the following equation?? to isolate a pure spectrum from
the mixture of a single-label and fluorescence:

Spure = Smixed - (a X SautoFL) + Offset (1)

Where: Spure is the pure spectrum of the label, Smixed is the measured spectrum of the sample
contaminated with autofluorescence, SautorL is the measured autofluorescence spectrum, “a” is
a scalar multiplier of the autofluorescence spectrum (between 0 and 1; e.g., 0.4), and “offset” is
an offset (usually 0). Vary the “a” term until a near-zero value is achieved for the apparent

contribution of autofluorescence. Additional information can be found in several publications?®~
32

6.3) Unmix the spectral image data. The unmixing step will generate an abundance image for
each fluorescent label, where abundance is the amount of relative fluorescence signal in the
image from the respective label. Several unmixing algorithms are available for use with
ImageJ33-3>, Additionally, a spectral unmixing MATLAB code (used in this example) is available
on the University of South Alabama Bioimaging Resources website. A more comprehensive
overview of spectral unmixing is available3®.

6.3.1) Load the spectral unmixing code in MATLAB.

6.3.2) Edit the Wavelength.mat and Library.mat files to correspond to the experimental
conditions (e.g., “Wavelength” as 360—485 in increments of five).
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NOTE: The corresponding values for those wavelengths should be loaded into “Library” for each
fluorescent label (and autofluorescence). Endmember_Name should list the labels in the same
order as the column values of “Library”. Note that the Library.mat file should contain both
“Library” and “Endmember_Name” variables.

6.3.3) In the EDITOR tab, click Run. This will open a new window allowing the user to choose a
directory. Navigate to the folder containing the spectral images to be unmixed. Once selected,
this will open a new window.

6.3.4) In the resultant blanks, enter the image name (e.g., HASMC with GCaMP and Mito FOV1),
number of wavelength bands (e.g., 26), number of timepoints (e.g., 1) and whether a FRET
measurement is desired (e.g., n) in their respective blanks. If “n” is selected for FRET, leave both
End-Member blanks empty. Press OK to continue, which will open a new window.

6.3.5) Naviagate to the folder containing the Wavelength.mat file. Once selected, click Open to
continue, which will open a new window.

6.3.6) Navigate to the folder containing the Library.mat file. Once selected, click Open to
continue, which will save the unmixed images in a new “Unmixed” folder inside the directory
containing the spectral images.

6.4 Inspect the unmixed spectral images for quality.
6.4.1) Open each unmixed image to visually inspect the distribution of pure components.

6.4.1.1) Compare the magnitude of the error image to those of the unmixed images (similar to
step 5.11, this can be done through Imagel’s measure function). If the magnitude of the error
image is similar in magnitude to the unmixed abundance images, it is likely that there are
signals in the spectral image data that are not accurately accounted for by the spectral library
and the linear spectral unmixing process.

6.4.1.2) Compare the error image to the unmixed images to see if there are unidentified
residual structures.

REPRESENTATIVE RESULTS:

Several important steps from this protocol are necessary to ensure the collection of data that is
both accurate and devoid of imaging and spectral artifacts. Skipping these steps may result in
data that appear significant but cannot be verified or reproduced with any other spectral
imaging system, thereby effectively nullifying any conclusions made with said data. Chief
among these important steps is proper spectral output correction (section 3). The correction
factor compensates for wavelength-dependent variations in the spectral output of the tunable
excitation system. This is accomplished by scaling wavelengths with high power excitation such
that the optical illumination power is comparable to wavelengths with a low power excitation,
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achieving a flat spectral excitation profile. An example of an inappropriate correction factor is
one that contains very low values (e.g., <0.001) at one or more wavelengths, indicating that the
intensity values measured at those wavelengths must be greatly attenuated to achieve a flat
spectral response.

Calibration of the system to a NIST-traceable standard ensures that data collected with the
excitation-scanning spectral imaging system is comparable to other systems also calibrated to
NIST-traceable standards. Therefore, it is imperative to ensure that any correction factor
adjusts the collected data appropriately. Accuracy of a correction factor can be verified with the
use of a fluorescence standard, such as NIST-traceable fluorescein. Figure 1 illustrates an
appropriate and inappropriate correction factor, visualized through graphical and image data.
In this case, the spectral output at 340 nm was virtually nonexistent compared to the rest of the
spectral range, resulting in a near-zero (<0.001) value for virtually every wavelength. Applied to
the image stack, this results in near-zero values through most of the image stack for most
pixels.

As stated in section 5, the excitation range, selected fluorophores, and acquisition settings may
create the potential that one or many excitation wavelength image bands contain
oversaturated pixels. Figure 2 illustrates an example in which the exposure time was set too
long for several of the excitation wavelengths, causing the subsequent images to contain
oversaturated pixels. This is important to note because, as the figure shows, both the individual
images and the false-colored images may visually appear to be within acceptable intensity
ranges.

Appropriate selection of a background region for subtraction is also important for data
comparison among systems, as it removes elements of camera noise or stray light prior to NIST-
traceable spectral correction (Figure 3). It is often helpful for subsequent image processing and
data analysis steps to generate an RGB false-colored image of the spectral image stack in order
to visualize spectral features within the image. Figure 4 shows an RGB false-colored image
generated by merging three selected wavelength bands (370 nm = blue, 420 nm = green, 470
nm = red).

Spectral unmixing requires knowledge of the spectral profile of each individual fluorescence
source. In the case of excitation-scanning hyperspectral imaging, this is done by acquiring
spectral image stacks for each fluorophore (and autofluorescence). Figure 5 is included as an
example for choosing regions from single-label controls to generate a spectral library. It should
be noted that each measurement has been normalized to its peak wavelength.

When performed correctly, the spectral unmixing process allows separation of a spectral image
stack into respective contributions from each fluorescence label. Figure 6 shows an example
unmixed spectral image set, with individual images for each of the following signals: airway
smooth muscle cell autofluorescence, a GCaMP probe, and a mitochondrial label. The error
associated with spectral unmixing is also shown and can be examined to compare intensity
levels of the error to those of the unmixed signals. Calculation and interpretation of this error
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has been discussed previously3’. As shown in Figure 6, there is high error associated with the
nuclear and perinuclear regions of the cells, indicating that the measured spectra of those
regions are not well accounted for by the spectra in the spectral library. One potential source of
error may be that the single-label controls for GCaMP and the mitochondrial label were
prepared using airway smooth muscle cells, which have a high native autofluorescence. Hence,
the GCaMP and the mitochondrial label may not represent pure endmember spectra. In
addition, the autofluorescence signal may influence the library spectra for the two other labels
in a way for which was not properly accounted, resulting in a less accurate fitting than if the
labels had been acquired using a cell line with little to no autofluorescence. Additionally,
examples are included for when too few or too many components of a spectral library are
available, resulting in underfitting and overfitting of the spectral image data, respectively
(Figure 6, Figure 7, Figure 8, Figure 9, and Table 1).

As noted in section 6.2 and specifically step 6.2.4, “pure” spectra collected from labeled cells
that are also autofluorescent will likely contaminate the spectral profile for the pure
component. As such, care should be taken to separate the pure spectra of the labels of interest
from their autofluorescent hosts. Figure 10 shows the difference of unmixing with “pure”
spectra contaminated with autofluorescence (mixed) versus pure spectra calculated by the
method described in step 6.2.4. The difference occurs mainly in unmixing the autofluorescence
signal. Without proper signal separation (e.g., subtraction of autofluorescence contamination
from the GCaMP spectrum), the autofluorescence and GCaMP library components compete for
the same spectral data in each pixel, resulting in characteristic holes or dark spots in the
autofluorescence image.

FIGURE & TABLE LEGENDS:

Figure 1: Example applications of inappropriate and appropriate correction factors used to
correct images to a flat spectral response. (A) Plotted inappropriate and appropriate correction
factors. (B) An RGB image generated with use of the inappropriate correction factor in (A). (C)
An RGB image generated with the same field of view as (B), except with the use of an
appropriate correction factor.

Figure 2: Examples that illustrate the importance of appropriate acquisition settings. (A,B)
RGB images generated by an appropriate acquisition time (A, 100 ms) vs. the same field of view
with a saturating acquisition time (B, 500 ms). It should be noted that the RGB images appear
identical when false-colored. (C) The region of interest selected to survey intensity values from
the most intense regions of (A) and (B). (D) Plotted intensity values per wavelength from the
100 ms exposure time image (A, black line) and 500 ms exposure time (B, red line). It should be
noted that pixel intensities for the 500 ms exposure time have reached the limit of the dynamic
range of the detector (65,535 AU) at 370 nm and do not decrease until 525 nm, resulting in
spectral artifact.

Figure 3: Selection of a region of interest for background subtraction. (A) A raw, wavelength-
summed intensity image. (B) Regions of the image selected to determine the pixel-averaged
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background spectrum for background subtraction shown in red. (C) The background-subtracted,
corrected, and summed intensity image. (D) An RGB coloring of the corrected image (C). The
process of generating an RGB false-colored image is shown in Figure 4.

Figure 4: Process of generating an RGB false-colored image. (A-C) Three wavelength bands
spaced evenly throughout the spectral acquisition range were selected for false-coloring (blue =
370 nm, green =420 nm, red = 470 nm). (D) The summed intensity image generated by adding
pixel intensities from all wavelength bands in the image cube. (E-G) The images in panels (A—C)
with their respective false-color look-up tables applied. (H) The resultant merged image of (E-
G).

Figure 5: Region selection of single-label controls for spectral library generation. (A) RGB
false-colored image of airway smooth muscle (ASM) cell autofluorescence. (B) Shown in red,
regions of (A) chosen for the autofluorescence component of the spectral library. (C) RGB false-
colored ASM cells labeled with the mitochondrial label. (D) Shown in red, regions of (C) chosen
for the mitochondiral label component of the spectral library. Due to the autofluorescence of
the ASM cells localized near the nucleus, small regions were selected far from the nuclei to
identify the mitochondrial label spectrum. (E) RGB false-colored ASM cells transfected with the
GCaMP probe. (F) Regions of (E) selected for the GCaMP component of the spectral library are
shown in red. Similar to (D), regions away from the nuclei were selected. (G) The spectral library
obtained from A—F, normalized to a value of unity at the wavelength with the strongest signal.

Figure 6: Example of unmixed image data in which unmixed relative signal contributions from
each library component can be visualized. (A-D) The unmixed abundance of GCaMP,
mitochondrial label, autofluorescence, and error term. (E=G) The images in panels (A—-C) with
their respective false-color look-up tables applied. (H) The composite, merged, false-colored
image.

Figure 7: Unmixed relative signal contributions, including mean intensity and percent of total
fluorescence, from a properly defined spectral library. (A-D) The unmixed abundance for
autofluorescence, GCaMP, mitochondrial label, and error term. It should be noted that the
error term comprises less than 10% of the total fluorescence signal measured.

Figure 8: Unmixed relative signal contributions, including mean intensity and percent of total
fluorescence, from a spectral library missing a component known to be included in the
sample (i.e., an underdefined spectral library). (A—C) The unmixed abundance of
autofluorescence, mitochondrial label, and error term. Note that the omission of GCaMP from
the spectral library has increased the calculated relative signal contributions from the library
components as well as the error term, when compared to Figure 7.

Figure 9: Unmixed relative signal contributions, including mean intensity and percent of total
fluorescence, from a spectral library containing an additional component known to be
missing in the sample (i.e., an overdefined spectral library). (A—E) The unmixed abundance of
autofluorescence, GCaMP, mitochondrial label, nuclear label, and error term. Note that the
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addition of a nuclear label to the spectral library has decreased the calculated relative signal
contributions from autofluorescence, when compared to Figure 7. Furthermore, the error term
is decreased below the percent error specified by the properly defined spectral library. This is
because an overdefined library will almost always allow a better fit to the experimental data
than a properly defined library, even though abundance signals for components known to be
absent from the sample are (in reality) artifacts of overdefining the spectral library.

Figure 10: Comparison of unmixed images when using a library before and after proper
autofluorescence contamination signal subtraction. (A) The original “pure” spectra derived
from the single-label controls in highly autofluorescent airway smooth muscle cells before the
scaled subtraction detailed in step 6.2.4. (B—D) The unmixed autofluorescence, GCaMP, and
nuclear label images generated using (A) as the library. (E) The corrected pure spectra derived
from single-label controls in highly autofluorescent airway smooth muscle cells after scaled
subtraction. (F-H) The unmixed autofluorescence, GCaMP, and nuclear label images generated
using (E) as the library.

Table 1: A table comparing the average, standard deviation, and maximum unmixed abundance
intensity values per unmixed abundance image from a proper spectral library and from
underdefined or overdefined spectral libraries, as well as the percent of total fluorescence per
unmixed abundance image (the minimum unmixed abundance intensity for each image was
always zero). Data taken from Figure 7, Figure 8, and Figure 9.

DISCUSSION:

The optimal use of an excitation-scanning hyperspectral imaging set-up begins with
construction of the light path. In particular, choice of light source, filters (tunable and dichroic),
filter switching method, and camera determine the available spectral range, possible scan
speed, detector sensitivity, and spatial sampling. Mercury arc lamps offer many excitation
wavelength peaks but do not provide a flat spectral output and will require significant signal
reduction at the output peaks to correct the spectral image data back to a NIST-traceable
response3®, Alternative light sources, such as Xe arc lamps and white light supercontinuum
lasers, may provide a more uniform spectral output that is better suited for excitation-scanning
hyperspectral imaging3-4°. Choice of light source, tunable filters, and dichroic filters determine
the available spectral range. This range should be chosen with careful consideration for the
desired spectral information of the experimental sample.

Additionally, consideration should be given to the switching mechanism used for the tunable
filters, as well as various camera factors such as quantum efficiency, pixel size, and available
frame rates, as these factors will affect potential sampling rates*'*3. However, all other factors
being constant, utilization of the excitation-scanning approach should provide increased
sensitivity and the ability for faster imaging, compared to most emission-scanning spectral
imaging approaches?!.
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As noted in the introduction, hyperspectral imaging here refers to the contiguous and spectrally
overlapping nature of the acquired data. As such, the capabilities of the system need to be able
to collect data using spacing of excitation center wavelengths less than half the distance of the
FWHM of the filters. As reported previously, a carefully chosen array of thin-film tubable filters
allows data acquisition with center wavelengths spaced 5 nm apart, a distance sufficient to
oversample the excitation spectrum given filters with FWHM of between 14-20 nm. Such a
spacing gives slight redundancy in spectral data collection with likely increases the accuracy of
the unmixing process. Consideration of both spectral ranges and necessary minimum number
of wavelength channels for accurate unmixing have been discussed previously**=#¢. To this end,
given the bandwidth of these filters, the excitation range should be selected to end at a
wavelength that is somewhat lower (5—-10 nm lower) than the cut-off wavelength of the
dichroic beamsplitter. This will ensure that the entire bandwidth of the excitation illumination is
below the cutoff wavelength of the dichroic beamsplitter (e.g., 360-485 nm for the 495 dichroic
filter) to avoid excitation-emission cross-talk.

Software to independently control each component of the hardware to achieve high-speed
spectral imaging scans is required. The software should be able to operate the shutter, select
excitation wavelengths, and acquire images at sufficiently high speeds to meet experimental
conditions (exact sample rate requirements will vary experiment, but an example goal might be
to acquire four complete spectral image stacks per minute). More complex experiments may
make use of multiple dichroic mirrors, objectives, or XYZ locations. There are a number of
software packages available for data acquisition*”*8. Micro-Manager is a free open-source
software for microscope automation that offers a variety of customization options.
Furthermore, Micro-Manager includes a scripting panel for additional customization not
available within the main user interface. For example, it is possible to use a custom script to
reduce the 250 ms delay of the tunable filter switcher to 10 ms at all excitation wavelengths
except the wavelength transitions in which the filter wheel rotates to a new tunable filter,
reducing the effective imaging time by 240 ms per wavelength for most wavelengths. This
customization has allowed acquisition of up to 30 wavelengths in under 4 s. Finally, Micro-
Manager can be operated alongside other environments, such as MATLAB, to further customize
microscope device control.

Determining the proper spectral excitation range, acquisition time, and initial wavelength for
sample viewing and subsequent data acquisition is very important. However, incorrect
operation of individual components of the system may require further troubleshooting. Each
component of the optical path contributes to the image data acquired. Hence, it is important to
verify the spectral response and optical transmission of optical components within the light
path, especially if trying to optimize overall system response. Light sources often have variable
intensity settings and may have reduction in power over the lifetime of the bulb®°. If a sample
appears dim, the cause may be reduced output from the light source. The autoshutter function
in Micro-Manager, in our experience, does not operate 100% of the time. Lack of signal may
indicate a closed shutter. The initial excitation wavelength saved within Micro-Manager’s
configuration file may default to a wavelength with little or no spectral output, such as the 340
nm example shown in Figure 1.
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Additionally, it is not uncommon to mistakenly choose an excitation wavelength that is above
the cutoff wavelength of the long-pass dichroic beamsplitter, resulting in additional cross-talk
and/or excitation light being shunted directly to the camera which may potentially damage the
camera sensor. Similarly, adjusting the light path for transmission imaging may result in loss of
signal to the eyepieces, depending on the configuration of the microscope. Furthermore, as
indicated in Figure 2, choice of initial excitation wavelength and exposure time for sample
viewing may appear appropriate but actually result in oversaturated pixels at other excitation
wavelengths. This fact will not be apparent unless pixel saturation is checked for each image, so
it is often prudent to perform a test image stack on an area of the sample that appears to
contain the most intense fluorescence.

It is also worth noting that variable intensities may be present in images chosen for background
regions. Care should be taken to ensure that these regions do not actually contain relevant
image data, as subsequent data correction steps will then subtract this signal from the image
data acquired at other regions in the sample. It is sometimes necessary to use the transmission
settings and/or drastically increase the exposure time to check that the region selected for
measuring sample background does indeed contain no sample. Similarly, unmixed images may
present with dark spots or holes in the autofluorescence image. This may be due to an
improper library caused by autofluorescence “contamination” of the “pure” spectral signals
from single-labeled cells. This is because any “pure” spectral signal collected from a sample
containing autofluorescence will invariably contain some of the autofluorescence spectra itself,
even if in trace amounts. Care should be taken to subtract out autofluorescence signals from
the single-labeled controls to ensure a proper spectral library, as described on several occasions
by Mansfield et al.?8-32

Though not demonstrated in this article, the excitation-scanning spectral imaging system can
also be used for time-lapse imaging and imaging over multiple XY locations (or a large field of
view due to image stitching) in multiple focal planes. If these options are desired for a single
experiment, careful thought should be given to the importance of acquisition order and
potential effects of photobleaching. It is also worth noting that if the actual time taken exceeds
the estimated time (e.g., an image stack takes 11 s to acquire rather than the estimated 10 s),
Micro-Manager will continue to acquire the selected number of timepoints and/or positions.
This miscalculation can compound with multiple timepoints and alter calculated temporal
sampling, potentially skewing any conclusions made from the data.

This example demonstrates the ability to separate three sources of fluorescence within a 145
nm excitation scanning range. Previous experiments using this system have been able to
separate up to five sources of fluorescence within the same range. The time required for this
image acquisition is less than 1 min, which is significantly faster than most emission-scanning
spectral imaging systems. Improvements in the light path, such as higher speed excitation
wavelength tuning, may further advance this imaging technology to speeds that are sufficient
for video-rate spectral imaging.
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Mean Intensity (AU)
Proper Fitting  Underfitting
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Overfitting
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139 -

246 318
53 126

Standard Deviation (AU)
Proper Fitting  Underfitting
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140
248
26
43
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362 442

168

344 388
62 126

Maximum Intensity (AU)
Proper Fitting  Underfitting

315
168

345
93
44

Overfitting

6738 7409
1336 -

5098 5194
1050 1286

% of Total Fluorescence
Proper Fitting  Underfitting

6738
1336
5098
1257
910

Overfitting
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22% 43%
39% -

8% 17%
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Name of Material/ Equipment Company

Airway Smooth Muscle Cells National Disease Research Interchange (NDRI)
Automated Shutter Thorlabs Inc.
Automated Stage Prior Scientific
Automated Stage Controller (XY) Prior Scientific
Buffer Made in-house
Cell Chamber ThermoFisher Scientific
Excitation Filters Semrock Inc.

Semrock Inc.

Semrock Inc.

Semrock Inc.

Semrock Inc.
Fluorescence Filter Cube Dichroic Beamsplitter Semrock Inc.
Fluorescence Filter Cube Longpass Filter Semrock Inc.
GCaMP Probe Addgene
Integrating Sphere Ocean Optics
Inverted Fluorescence Microscope Nikon Instruments
Mitotracker Green FM ThermoFisher Scientific
NIST-Traceable Calibration Lamp Ocean Optics
NIST-Traceable Fluorescein ThermoFisher Scientific
NucBlue ThermoFisher Scientific
Objective (10X) Nikon Instruments
Objective (20X) Nikon Instruments
Objective (60X) Nikon Instruments
sCMOS Camera Photometrics
Spectrometer Ocean Optics
Tunable Filter Changer Sutter Instrument

Xenon Arc Lamp Sunoptic Technologies
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Catalog Number
Isolated from human lung tissues obtained from NDRI
SHB1
H177P1T4
Proscan Il (H31XYZE-US)
Made in-house
Attofluor Cell Chamber, A7816
TBP01-378/16
TBP01-402/16
TBP01-449/15
TBP01-501/15
TBP01-561/14
FF495-Di03
FFO1 496/LP-25
G-CaMP3; Plasmid #22692
FOIS-1
TE2000
M7514
LS-1-CAL-INT
F36915
R37605
Plan Apo A 10X/0.45 ==/0.17 MRD00105
Plan Apo A 20X/0.75 ==/0.17 MRD00205
Plan Apo VC 60X/1.2 Wl e=/0.15-0.18 WD 0.27
Prime 95B (Rev A8-062802018)
QE65000
Lambda VF-5
Titan 300HP Lightsource



Comments/Description
Highly autofluorescent, calcium sensitive cells
Remote-controllable shutter to minimize photobleaching
Remote-controllable stage for automated multiple field of view or stitched image collection.
For interfacing automated stage with computer and joystick
145 mM NaCl, 4 mM KCI, 20 mM HEPES, 10 mM D-glucose, 1 mM MgCl,, and 1mM CacCl,, at pH 7.3
Coverslip holder composed of surgical stainless steel and a rubber O-ring to seal in media and prevent sample and/or objective contaminatiol
Center wavelength range (340-378 nm), Bandwidth (Minimum 16 nm, nominal FWHM 20 nm), Refractive index (1.88)
Center wavelength range (360-400 nm), Bandwidth (Minimum 16 nm, nominal FWHM 20 nm), Refractive index (1.8)
Center wavelength range (400-448.8 nm), Bandwidth (Minimum 15 nm, nominal FWHM 20 nm), Refractive index (1.8)
Center wavelength range (448.8-501.5 nm), Bandwidth (Minimum 15 nm, nominal FWHM 20 nm), Refractive index (1.84)
Center wavelength range (501.5-561 nm), Bandwidth (Minimum 14 nm, nominal FWHM 20 nm), Refractive index (1.83)
Separates excitation and emission light at 495 nm (>98% reflection between 350-488 nm, >93% transmission between 502-950 nm), Filter eff
Allows passage of light longer than 496 nm ( >93% average transmission between 503.2-1100 nm), Refractive index (1.86)
A single-wavelength GCaMP2-based genetically encoded calcium indicator
Used for accurate measurement of wide-angle illumination
Inverted microscopes allow direct excitation of sample without the need to penetrate layers of media and/or tissue.
Labels mitochondria
A lamp with a known spectrum for use as a standard
For verifying appropriate spectral response of the system
Labels cell nuclei
Useful for large fields of view
Most often used for tissue samples
Most often used for cell samples
For acquiring high-sensitivity digital images
Used to measure spectral output of excitation-scanning spectral system
Motorized unit for automated excitation filter tuning/switching
Light source with relatively uniform spectral output



‘ective index (1.78)



Author License Agreement (ALA)

&
1 Alewife Center #200
Cambridge, MA 02140

Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement_Deal_2018.pdf

ARTICLE AND VIDEO LICENSE AGREEMENT

tel. 617.945.9051
www.jove.com

VISUALIZED EXPERIMENTS

An Excitation-Scanning
Discriminate

Hyperspectral
Fluorescence Signals

Imaging Microscopy Method to Efficiently
Title of Article:

Joshua Deal, Andrea Britain, Thomas C. Rich, Silas J. Leavesley

Author(s):

Iltem 1 (check one box): The Author elects to have the Materials be made available (as described at

X

http://www.jove.com/author) via: Standard Access Open Access

Item 2 (check one box):

X

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

612542.6

2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.



http://www.jove.com/author
https://www.editorialmanager.com/jove/download.aspx?id=1036745&guid=ca935826-980f-4a50-b6a5-5715daa13047&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1036745&guid=ca935826-980f-4a50-b6a5-5715daa13047&scheme=1

1 Alewife Center #200
Cambridge, MA 02140
tel. 617.945.9051
WWW.jove.com

4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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UNIVERSITY OF SOUTH ALABAMA

26 April 2019

Nam Nguyen, Ph.D.
Manager of Review
JoVE

Dear Dr. Nguyen,

We would like to thank you and the reviewers for your comments and questions concerning our
manuscript “An excitation-scanning hyperspectral imaging microscopy method to efficiently
discriminate fluorescence signals.” The comments received from the reviewers helped us clarify
aspects of the manuscript, as well as revise the structure for a more consistent style. Please find
below our responses to the comments and suggestions put forth by you and the reviewers. As
indicated in the “revisions required” email, we have used the “track changes” feature to draw
attention to our edits. Should you have any questions or additional formatting concerns regarding
the manuscript, please contact me at your convenience.

Sincerely,

Silas J. Leavesley, Ph.D.

Professor

Department of Chemical and Biomolecular Engineering
Department of Pharmacology

Center for Lung Biology

University of South Alabama

150 Jaguar Drive, SH4129

Mobile, AL 36688

ph: (251)-460-6160

fax: (251)-461-1485

web: http://www.southalabama.edu/centers/bioimaging/

Chemical and Biomolecular Engineering/College of Engineering
SH 4134 | 150 Jaguar Drive | Mobile, Alabama 36688-0002
TEL: (251) 460-6160 | FAX: (251) 461-1485 | SouthAlabama.edu/Centers/Biolmaging
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RESPONSES TO THE COMMENTS OF THE EDITOR:

COMMENT: There are image artifacts in the upper left corner of every microscopy image. Please
remove them.

Thank you for bringing this to our attention. We believe that something happened during the conversion
from (.pdf) to (.eps). As we do not see the same artifacts in the original (.pdf)s, we have chosen to upload
them in that format instead. Please let us know if this problem persists or if you would like the figures
saved in an alternative file type.

COMMENT: Please revise the highlighting of the protocol to be 2.75 pages or less. This is a hard
production limit to ensure that the videography can occur in a single day.

We have eliminated large portions of the highlighted section that refer to walkthrough of software and
have instead indicated the parent function required to progress in the protocol. (e.g. “Unmix the spectral
image data.”)

RESPONSES TO THE COMMENTS OF REVIEWER 3:

COMMENT: In 4.5.1), the authors mentioned the mitochondrial label may have different optimal
staining concentration/time depends on the color or brand. Could they specify the specific
color/brand was used here?

We had brand names and colors in the original draft of the manuscript but were advised by JOVE that
commercial names shouldn’t appear in the body of the manuscript and should be confined to the table of
materials appearing at the end. As such, all product hames, companies, catalog numbers, and descriptions
are included in the table of materials at the end of the manuscript to conform to JOVE criteria.

COMMENT: In 2.1.4.5.6), could the authors explain when should the users consider change the
""Skip Fr." setting.

We have added the following note to the instruction of the “Skip Fr.” Setting: “Note that it may be useful
to selectively skip frames in the event that one or few excitation wavelengths are significantly more
powerful than others or if individual excitation wavelengths prove to be especially phototoxic.”

COMMENT: in 5.3), the last word should be ""'sample™ not "'same"".
Thank you for pointing this out. It has been fixed.

COMMENT: In 5.11.2), Could the authors educate the users where to find the detection limit of the
camera? The authors used an example of 65,535 in this manuscript, but we know different camera
has different properties. One easy way is to open an image in ImageJ and then open the "image--
>Adjust-->Brightness & Contrast™ window. The maximum pixel that can be set is usually the
detection limit.

This is a great point. We had previously failed to mention that a histogram containing information about
the dynamic range is inherently displayed in the bottom portion of the main window of MicroManager.
However, as this particular substep suggests the user check for overexposure using ImageJ, we have
included information to check the detection limit in both programs. Specifically, we have added the note:
“Note that the detection limit of the camera depends on the camera itself. The upper limit is displayed on
the top right portion of the histogram in the main window of MicroManager. Alternatively, the upper



limit can be determined by opening an image in ImageJ and navigating to Image > Adjust >
Brightness/Contrast. Click the “Set” button in the resulting pop-up window, enter an excessively large
value (e.g. 999,999) in the blank next to “Maximum displayed value”, and click the “OK” button to
continue. The maximum value displayed in the new histogram should be the upper detection limit of the
camera.”

COMMENT: In 6.1.1), Could the authors describe in detail the steps to perform background
subtraction in MATLAB or ImageJ.

Rather than describing how to script the necessary code or develop the appropriate linear algebra, we
have chosen to include MATLAB code that will be available on our resources website and describe, in
detail, how to use that code for background subtraction and image correction, much like we did in section
6.3 to describe the steps for spectral unmixing.

RESPONSES TO THE COMMENTS OF REVIEWER 4:

Thank you for your concise summary.



