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SHORT ABSTRACT:
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.

LONG 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 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 terms1–4. 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 contiguous1. 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 satellite5,6. 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 Schr&#246;ck et al. used combinations of five different fluorophores and their known spectra to distinguish labeled chromosomes in a process termed spectral karyotyping7. 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 library8. 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 agriculture9, astronomy10, biomedicine11, chemical imaging12, environmental applications13, eye care14, food science15, forensic science16, 17, medical science18, mineralogy19, and surveillance20. 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 mathematically21. Filtering both the excitation illumination and emitted fluorescence reduces the amount of available signal, which lowers the signal-to-noise ratio and necessitates lengthy 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 time21,22. 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 techniques21,22. 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 detector21. 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).

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 sCMOS 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 &gt; Hardware Configuration Wizard.

2.1.1.1) In step 1, click Create new configuration &gt; 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., sCMOS 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.

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 0 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 0 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”).

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.

 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.

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 previously21,23.

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.

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 previously24.

4.2) Prepare an unlabeled sample to determine any sample autofluorescence (e.g., place a glass coverslip containing unlabeled airway smooth muscle cells25,26 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 probe27 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.

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 “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 ImageJ to confirm that no wavelengths contain overexposed pixels.

5.11.1) In ImageJ, click File &gt; Import &gt; 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 ImageJ’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 ImageJ and navigating to Image &gt; Adjust &gt; 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.

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 ImageJ 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 “Bsq 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., Pos0_Corrected).

6.2) Generate the spectral library. Several software packages can be used to extract spectral data from images, including ImageJ. For best results, normalize each endmember to the wavelength band of greatest intensity by determining which wavelength band has the most 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 modifications28–32. See step 6.2.4 and discussion for details.

6.2.1) In ImageJ, click File &gt; Import &gt; 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 ImageJ 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 &gt; Adjust &gt; Brightness/Contrast &gt; 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 &gt; Stacks &gt; 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 equation29 to isolate a pure spectrum from the mixture of a single-label and fluorescence:

                  (1)

Where: Spure is the pure spectrum of the label, Smixed is the measured spectrum of the sample contaminated with autofluorescence, SautoFL 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 publications28–32.

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 ImageJ33–35. 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 available36.

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). 

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 ImageJ’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, achieving a flat spectral excitation profile. An example of an inappropriate correction factor is one that contains very low values (e.g., &lt;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 (&lt;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 has been discussed previously37. 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 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 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 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 response38. 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 imaging38–40. 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 rates41–43. 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 approaches21.

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 previously44–46. 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 acquisition47,48. 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 bulb40. 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. 

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.28–32

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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