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Supplementary Material – How to Build an svFCS Setup from Scratch



1. Experimental room requirement and safety

1.1. Install the system in a dark experimental room equipped with air conditioning at a stabilized temperature of ~21 °C and avoid direct airflow, at least on the optical table.

1.2. Use a passive or, if possible, an active optical table to reduce the impact of external vibrations transmitted through the ground.

1.3. Choose a matt black incubation chamber for the microscope equipped, if possible, with vibration-free heaters.

1.4. Install a warning indicating "Laser in use" at the room entrance and a laser interlock system for laser safety.

1.5. Wear laser safety goggles.

1.6. Use black laser curtains if several optical benches are in the same room.

1.7. Remove your watches, rings, or reflective objects during laser alignment.

2. Hardware and software installation and LabVIEW programming protocol

NOTE: The entire software is written in LabVIEW 2020 using a state machine and event structure architecture. The multifunction acquisition board (DAQ) drives most of the controllers. The correlator, laser, and power meter are controlled by their own software. Thus, this will not be discussed here. For the general operation scheme, see Figure 2.

2.1. Controller installation and configuration

2.1.1. LabVIEW and National Instruments products

2.1.1.1. Download and install the 2020 32-bit LabVIEW version (or newer), including NI-Visa (serial port communication) and VI Package Manager (VIPM, manage/update installed package) (ni.com). Update and upgrade all the features, to begin with, an up-to-date version via NI Update Service.

NOTE: As 32-bit dll libraries control our microscope, it is mandatory to use a 32-bit LabVIEW version. However, it can be adapted to the user’s microscope.

2.1.1.2. Download and install NI-DAQmx 20.1 or newer (for data acquisition) by running the installation software provided with the acquisition board. These can be done directly with VIPM.

2.1.1.3. Activate your license with your National Instruments credentials.

2.1.1.4. Shut down the computer.

2.1.1.5. Plug the PCI-6602 DAQ card inside a free slot in the computer and plug the DAQ acquisition board (BNC-2121) to the PCI-6602 card with the 32-pin cable (any DAQ card with at least two counters and one digital input/output lines can be used).

2.1.1.6. Start the computer.

2.1.2. Piezoelectric XYZ nanopositioning stage

NOTE: This procedure will differ if you use a different controller from another company.

2.1.2.1. Insert the CD and launch "PI_E-727.CD_Setup.exe" and follow the procedure by using the default parameters. 

NOTE: As we are using LabVIEW 32-bit, install the 32-bit version of the PI software and drivers.

2.1.2.2. When completed, launch "PI Update Finder" and click "Find updates" to download and update applications, drivers, and libraries.

2.1.2.3. Install the piezo XYZ stage (E-527.3CD) on your microscope stage (some mechanical adaptations should be required), connect the stage to its controller (PI-E727).

2.1.2.4. Plug the controller to the computer by using the USB cable and start it. The controller is driven by the LabVIEW using dedicated GSC libraries.

2.1.3. Microscope

32-bit dlls controls the microscope via LabVIEW through the RS232 COM port with the microscope.

NOTE: If you are using a different microscope, this procedure will differ.

2.1.3.1. To obtain the download link for the different installation programs, register on the website: https://www.zeiss.com/microscopy/int/downloads/micro-toolbox-mtb-.html.

2.1.3.2. Click on the "MTB2004" tab and download the 32-bit version of the software called "MTB2004 RDK" and "MTB2004 SDK" (MTB stands for MicroToolBox).

2.1.3.3. Click on the "MTB" tab and download the 32-bit software called "Redistribution Kit" and "MTB Software Development".

2.1.3.4. Unzip all the ZIP files and install the software following the different steps and keeping the default parameters.

2.1.3.5. Shut down the computer, plug your microscope with an RS232 cable to your computer, and restart both systems.

2.1.3.6. Execute the "konfig.exe" located into the "Micro Toolbox" folder in your hard drive). This is used to set the configuration of your microscope. Set the COM port number to which the microscope is connected, set the components installed on your microscope (motorized turrets, filter sets, objectives, etc.). Name this configuration by clicking on the "Configuration tab". Click on "Exit" and save this configuration.

2.1.3.7. Execute "MTBConfig.exe" located into the "MTB 2004 – x.x\MTB Configuration" folder. Select the COM port number (this should be the same on the computer and in the Config software), rename the configuration (not mandatory), and click on "Auto Configuration". The configuration will match exactly the one you set previously on "Config.exe". Any motorized component will be detected, and you can set non-motorized components manually. 

2.1.3.8. Execute "MTBTest.exe" located into the "MTB 2004 – x.x\MTB Test" folder. Click on "Build user interface". A specific control interface will be created according to the previous configuration. It allows you to control and test all the motorized components of your microscope. Verify that everything is set and respond properly.

2.1.4. Correlator

2.1.4.1. Download the driver and software corresponding to your correlator model and operating system as ZIP file on the http://www.correlator.com/software website. The Windows 7 driver/program works with the Windows 10 OS. 

2.1.4.2. Extract the files and place the corresponding folder anywhere on your hard drive (the execution file does not require to be installed in the "Program Files" Windows folder.

2.1.4.3. Plug the correlator to the computer by using a USB cable. As no driver was installed yet, the correlator will not be recognized if you open the Windows "Device Manager" program.

2.1.4.4. The correlator driver is not recognized as a "signed driver" by Windows 10. To install it, you should follow the Windows procedure to turn off driver signature verification: (1) Press and hold the Shift key on your keyboard and click the "Restart" button, (2) choose "Troubleshoot | Advanced options | Startup Settings" and (3) click the "Restart" button. (4) When your computer restarts, you will see a list of options, (5) Press F7 on your keyboard to select "Disable driver signature enforcement".

2.1.4.5. Now, install the driver located in the "Correlator/driver" folder: double click on the driver and follow the procedure.

2.1.5. Uniblitz shutter 

The Uniblitz shutter, controlled via RS232 protocol, does not need any driver installation.

2.1.6. Power meter

NOTE: These steps are not mandatory if you use another power meter.

2.1.6.1. Extract the "ThorlabsPowerMeter_1.0.2.zip" (or newer version) file located in the USB provided with the power meter and double click on the "Setup.exe" installation program.

2.1.6.2. Install the software and drivers with the default installation options.

2.1.6.3. Plug the sensor on the power meter and then plug the power meter to the computer with a USB cable.

2.1.6.4. Launch the "Optical Power Meter Utility.exe" program located in the "Thorlabs\PowerMeters\" folder: it should automatically detect your power meter through USB port communication.

2.1.7. Laser

NOTE: If your laser is not a LASOS laser, this procedure should be adapted.

2.1.7.1. Insert the USB key provided with the laser and launch the "Setup.exe" installation software located in the "Software LASOS Commander 1.2\Installer" folder. Follow the installation procedure and keep the default options.

2.1.7.2. Plug the laser to the computer to the computer using a USB cable.

2.1.7.3. Turn the interlock key to the "1" position.

2.1.7.4. Launch the laser software called "LC.exe" located in the "LasosCommander" folder.

2.1.7.5. Your laser should be automatically recognized.

2.1.8. Download and install the 6.37 32-bit version of IGOR Pro for data analysis. If one does not manage large datasets, the 64-bit version is not recommended. The newer version (7 and 8) of IGOR Pro are also compatible according to minor function modifications.

2.1.9. Download and install the latest MATLAB version for the diffusion law plot and comparison.

3. LabVIEW control software

3.1. LabVIEW: initialization steps

3.1.1. Initialize an NI-DAQmx task on a first counter (counter #0) to generate an acquisition clock with a fixed frequency and duty cycle.

3.1.2. Create a second counter (counter #1) task to effectively provide on request single photon counts whose clock is the output terminal of the first counter (each event received on the counter #1 between two clock pulses from the counter #0 are summed).

3.1.3. Generate a third task to create an asynchronous TTL digital output for the flipper mirror switch between its two states.

3.2. LabVIEW: state machine and event structures.

3.2.1. A while loop contains the two imbricated structures.

3.2.2. Any action on the graphical user interface (GUI) will generate a new state leading to an event. This allows the blocking of multiple events generation. Numerous GUI events can occur, each leading to a change in the state machine:

3.2.2.1. The default state is "Wait" where we monitor photon counts, while no event is recorded on the GUI. 

3.2.2.2. "Mirror" event: when pressed or released, a boolean button leads to the generation of a TTL pulse on one digital output (DO) on the DAQ (a rising edge changes the state of the mirror), allowing the switching between the two states of the removable power meter sensor holder (i.e., in front of the beam for power measurement and laser safety or not for FCS measurement).

3.2.2.3. "Microscope" event: a specific command is sent through the RS232 port to control all the mechanical parts of the microscope (Figure 2).

3.2.2.4. In combination, an "external Uniblitz shutter" is controlled to match the microscope configuration to ensure that the halogen lamp is off during FCS acquisition.

3.2.2.5. For the piezo, three events can occur:

3.2.2.6. "2D scan": first, a matrix of NxM XY positions is created (according to the XY range and # of pixels). Thus, the piezo moves the sample at each XY position and the counter #0 task records the photon for each position: a 2D fluorescence confocal image is then created.

NOTE: This protocol is slow, and it uses NxM USB commands to be sent. A much faster protocol using analog signals can be used, but it requires a much more expensive multifunction acquisition board.

3.2.2.7. "Set position": The laser beam position on the sample is defined using a cursor placed on the 2D confocal image. This set the XY measurement position for the next step.

3.2.2.8. "1D scan": on the previously defined XY position, a Z-scan is performed, generally 20 steps over 20 µm, displaying a photon trace related to the fluorescence of the sample.

3.2.2.9. The autocorrelation function (ACF) is computed by the hardware correlator, meaning that the APD signal is also recorded on the correlator when required. This is performed with the correlator software.

4. Optical alignment steps (goggles required)

CAUTION: Never look directly into the beam path without laser safety goggles. Optical alignment should be performed by authorized people only.

4.1. Excitation part
The excitation part is composed of the laser collimation (line ①, Figure 3), a power control (line ②, Figure 3) and microscope coupling (line ③, Figure 3). 

NOTE: We keep the same height for an entire optical path to avoid adding extra optical parts (adding potential mid-term misalignment, optimize the photon budget and possible optical aberrations). Here the height is 12 cm, given by 8 cm for the microscope left port plus 4 cm for the adjustable feet mounted under the microscope. These homemade adjustable feet allow correcting potential imperfections of the microscope itself.

4.1.1. The output of the laser fiber (screwed on the table) is designed to prevent back reflection of the beam into the laser (8° angle). It is connected to a threaded FC/APC adapter located at the focal plane of an achromatic doublet lens (L1). Alignment tools are used to center the beam on the lens, and the collimation is adjusted by moving the lens, thanks to a Z-axis translation. We used here a shearing interferometer to find the position where the beam was not convergent or divergent. The lens's horizontal tilt can be checked by looking at the beam back reflection, which has to coincide with the incident beam. A first iris allows adjusting the beam diameter to perform the spot variation FCS. 

4.1.2. The M1 mirror is used to follow a line thanks to two irises screwed directly on the optical table (line ②, Figure 3) and centered at the height of 12 cm (one iris is located close to M1 and the second is close to the M2 mirror). Then, a zero-order half-wave plate (HWP) mounted in a rotation mount is placed and centered within the optical pathway (thanks to alignment tools). A 20 mm polarizing beam splitter cube (PBS) is added next to the half-wave plate to separate the s- and p-polarization components, reflecting the s component onto a beam-blocker and transmitting the p component. Therefore, the power is adjusted according to the half-wave plate axes' position and can be measured thanks to a flip mount where the power meter sensor is screwed. The power meter acts as a beam blocker; i.e., when no measurement on the sample is performed, the sensor is placed into the beam path, for laser and sample safety.

4.1.3.	Then, M2 reflects the beam onto the dichroic mirror (DM) following a line of the optical table using two irises as described previously (line ③, Figure 3). Line ④ (Figure 3) is straight to the left port of the microscope. A reflective target is screwed onto the objective turret to finalize the alignment. The microscope is positioned so that the beam is centered onto the target thanks to translation in Y and adjustment of the height with the tunable homebuilt feet. The tilt is checked with the observation of the back reflection on the iris located in line ② (Figure 3) and corrected by adjusting the feet. Be sure to fasten the microscope securely to the optical table when the position is found. Fine adjustment can be made with M2 (target) and with DM (back reflection), alternatively. 


NOTE: To optimize the photon budget and minimize optical aberrations, the microscope is tube-lens free. It should allow removing in the light path the tube-lens when the svFCS measurement is performed since the laser is already collimated and enter via the left port of the microscope. The 1X tube-lens is used only for cell visualization. 

NOTE: To use a tube lens configuration to focus the beam directly through the pinhole, two possibilities are available: (1) a first requires separating the excitation and detection beams by using two microscope ports (e.g., rear and left port) or (2), another possibility is to add an extra lens in the excitation path to keep the beam collimated and the back-pupil objective size. 


4.1.4.	The iris placed before M1 plays a key role in the svFCS setup as it changes the beam size before the objective, meaning that its size directly varies the effective waist size behind the objective, i.e., the effective excitation volume. This trivial option to tune the waist size ensures the optimization of the photon budget and is easy to implement. The beam diameter should fit the objective back pupil to obtain the smallest waist size34. 

0. Lab-Tek chambers were used for the measurements on cells. They are moved in by an XYZ piezo nanopositioning system, and a homemade sample holder supports the Lab-Tek.

4.2. Detection part
The detection part consists of two key components: the detection pinhole and the detector (Figure 3).

NOTE: The detection pinhole diameter should match the diameter of the Airy disc diffraction pattern and depends on the magnification and the numerical aperture (NA) of the objective lens as well as the emission wavelength. No additional magnification factor is added since the microscope is tube-lens free. The correction ring of the objective should be optimized to match the thickness of the coverslip used.

4.2.1. The objective lens can then be positioned and placed directly (to avoid ambiguity on the coverslip Z position). A droplet of water is added on it. It is covered with a coverslip to check the beam after focusing (it should be round and concentric). 200 µl of a concentrated solution of Rhodamine 6G (2–20 µM) are placed on the coverslip to align the detection pathway. The laser power should be increased until fluorescence is observed by eyes. Optical components after the dichroic mirror are mounted on a rail (line ④, Figure 3) to enable alignment along the optical axis (Z translation). A long-pass filter (LP filter) located after DM removes the remaining part of the laser light.

NOTE: We recommend to ask the manufacturer to provide the FCS-approved objective. We have already observed significant differences between objectives in terms of transmission and beam shape.

4.2.2. A lens (L2) is positioned close to the long pass filter and centered according to the fluorescence pathway. The collected signal is spatially filtered by a 25 µm pinhole located in the lens's focal plane. This step is challenging, and a bigger pinhole can be used first to find a good position and then replaced by the smaller one. A power meter placed behind the pinhole is useful to optimize the pinhole position in the XYZ axes.

4.2.3. The last step concerns the positioning of the avalanche photodiode (APD) detector coupled with a single photon counting module (SPCM), which shall remain switched off. A lens (L3) creates the image of the pinhole on the APD detection area. Note that the detection area should be bigger than the pinhole size to avoid the sectioning effect, i.e., the APD sensor's size should not act as a pinhole. The distance between the lens and the pinhole is, therefore, twice the focal distance and the distance between the lens and the APD (here, it is equal to 70 mm). A weak fluorescent spot can be seen on the detector and centered on the APD thanks to the APD XYZ-translation mount. A bandpass filter (BP filter) is placed in front of the detector to collect only the fluorescence signal. Once the rough alignment has been achieved, the Rh6G solution's concentration can be diluted (200 nM), the laser power reduced and the detector switched on. First, adjust the position of the APD by maximizing the count and then adjust the position of the pinhole in XYZ. Repeat the APD alignment to ensure that the pinhole is still imaged on the detector. A maximum count observed does not mean that it is a good position for the pinhole along the Z-axis; e.g., a high signal can come from the residual laser light. The best way to find the position is to perform an experiment with a more diluted sample and to record the autocorrelation function on the correlator. The optimum is reached when one obtains the maximum counts per particle and second (i.e., a maximum correlation function amplitude with high intensity [meaning the higher G(0))). 
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