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[Abstract] Cryo-Electron Tomography (cryo-ET) is a method that enables resolving the structure of
macromolecular complexes directly in the cellular environment. However, sample preparation for in situ
Cryo-ET is labour-intensive and can require both cryo-lamella preparation through cryo-Focused lon
Beam (FIB) milling and correlative light microscopy to ensure that the event of interest is present in the
lamella. Here, we present an integrated cryo-FIB and light microscope setup called the Photon lon
Electron microscope (PIE-scope) that enables direct and rapid isolation of cellular regions containing
protein complexes of interest. The PIE-scope can be retrofitted on existing microscopes, although the
drawings we provide are meant to work on ThermoFisher DualBeams with small mechanical
modifications those can be adapted on other brands.
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[Background] Cryo-electron tomography (cryo-ET) is currently the principal method for investigating
the structure of proteins and protein complexes directly in their native environment (Beck and
Baumeister, 2016). Cells are generally too thick to be imaged using cryo-ET and, to overcome the issue
of cell thickness, the most common and successful approach is to use a cryo-focused ion beam
microscope (FIB) to thin the sample and produce flat electron-transparent lamellae of approximately 300
nm thick (Marko et al., 2006 and 2007). It is important to note that cells feature an extremely crowded
and complex environment; therefore, the lamellae must be prepared targeting regions containing the
event or structure under study. The approach that is generally taken is based on correlative microscopy
(CLEM), where fluorescence microscopy is used to identify the location of a region of interest and then,
through image correlation the same region is found using the FIB (Sartori et al., 2007; Arnold et al.,
2016). The complete cryo-CLEM workflow links light microscopy (live cell imaging and cryo-LM), cryo-
FIB and cryo-ET. The workflow generally starts with imaging living cells or tissue in order to obtain
information about the process dynamics. When appropriate, the sample is vitrified through plunge or
high-pressure freezing. From this moment onwards, every time the sample is transferred inside or
outside a microscope the chances for contamination and damage increase.

All the risks associated with cryo-transfers described above can be mitigated using an integrated
approach, where a light microscope is integrated into the vacuum chamber of the electron microscope.
This approach has been successfully implemented for CLEM where the introduction of a light
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microscope objective in a TEM column permitted switching between TEM and LM imaging, known as
the iLEM (Agronskaia et al., 2008). On the cryo-FIBs, the first example of an integrated correlative
system is the PIE-scope (Gorelick et al., 2019). The PIE-scope (which stands for Photon-lon-Electron
microscope) is a peripheral add on that can be retrofitted on existing ThermoFisher DualBeam

microscopes. The hardware setup assembled is shown in Figure 1 and the assembly is shown in Video

FIB/ISEM PC
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Figure 1. Overview of the PIE-scope hardware installed on a ThermoFisher Helios G4. A) is a

view of the outside component of the PIE-scope optical path. The position of the major parts is marked
on the figure. B) is an internal view of the chamber, showing how the assembly can fit inside an
existing FIB/SEM microscope. C) View of the computer control, we have a dedicated PIE-scope PC
next to the PC controlling the FIB/SEM and an additional support PC for developmental purposes
and to allow developers to work while the microscope is being used for data collection. This is not
required in a user-based facility since the support PC provided with the instrument is sufficient to
control the PIE-scope. All major parts (of the PIE-scope and the FIB/SEM microscope) are marked

in the figures.
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Video 1. S3 exploded PIE

The goal of this protocol is to help labs to replicate the assembly, install the required hardware and

software. This will be particularly useful in the context of automating complex sample preparation

workflows where automation will be critical (Buckley et al., 2020).

Materials and Reagents

1.

Vitrified (cryo-preserved) cells or tissue

2. Cryo-EM grids (gold for cell culture, copper for yeast or bacterial suspension)
3. Autogrids (Thermo Fisher, catalog number: 1205101)
Equipment

1. DualBeam microscope (Thermo Fisher Helios G4 or Aquilos)

2. Custom components (the published drawings and assembly can be found on Zenodo at
https://zenodo.org/record/3260173#.XsShV2gzb-g while updated drawings can be obtained from
https://www.demarco-lab.com/resources)

3. Piezo Z-drive (Smaract, model: SLC-2445-D-S-HV)

4. Dichroic switch (Smaract, model: SLC-2445-D-S)

5. Motor Driver (Smaract, model: MCS-6CC-USB-TAB)

6. Vacuum feedthrough for z-drive (Smaract, model: LEMO1B-FGJ-SJG-FGG-14)

7. Motor driver sensor module (Smaract, model: MCS-3S-EP-SDS15-TAB)

8. Camera, Basler, acA1920-155 um USB 3.0

9. Quad-line dichroic (Chroma, model: 89402bs)

10. Quad-channel emission filter (Chroma, model: 89402m)

11. Tube lens (200 mm) (Thorlabs, model: AC254-200-A-ML)

12. Excitation tube lens (400 mm) (Thorlabs, model: AC254-400-A-ML)

13. Emission mirror (Thorlabs, model: BBE1-E02)
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14. Objective long mirror (Edmund Optics, 32366)

15. Flange mirror (Edmund Optics, 83536)

16. Laser combiner (405-488-561-640), Toptica, ICHROME CLE
17. Flange mirror mount (Thorlabs, model: KMSS/M)

18. Excitation mirror mount (Thorlabs, model: KMSS/M)

19. Pinhole (Thorlabs, model: SM1D12D)

20. Tube-lens mount (Thorlabs, model: SMR1/M)

21. C-mount to SM1 adapter (Thorlabs, model: SM1A10TS)
22. Objective (20x/0.5) (Olympus, MPLFNL 20X/0.45)

23. Vacuum flange (Thorlabs, model: VPCH42-A)

24. FC/APC fibre to SM1 adapter (Thorlabs, model: SM1FCA)
25. Adjustable tube mount (Thorlabs, model: SM1V10)

26. Tube mount (Thorlabs, model: SM1L10)

27. O-rings and gaskets (Lesker, various to fit the flanges)

28. 10/90 R/T BeamSpilitter (Thorlabs, model: BS025)

Software

Currently, there are two options available to control the PIE-scope.

Software requirements for option 1:

1. Python 3.5 or higher

ThermoFisher Autoscript 4.1 or higher
PyPylon 1.0 or higher

Python libraries: Numpy

o DN

National Instruments Labview 2015 or higher

Software requirements for option 2:

1. Python 3.5 or higher

2. Python libraries: Numpy, PyQt, Scitek-image

3. PyPylon 1.0 or higher

4. ThermoFisher Autoscript 4.1 or higher

All python code and packages, with the exception for the commercial software, can be downloaded

from our lab resource page or the Github page (https://github.com/demarcolab). The general

software architecture is described in Figure 2.
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Figure 2. Diagram showing the relationship between the hardware and software components.
The white boxes identify the APIs used to control the various components.

Procedure

A. PIE-scope assembly
This section is of interest for laboratories that intend to assemble a copy of the current PIE-scope
design. The design we propose is to be fitted on the front GIS (gas injection system) flanges of the
vacuum chamber of the microscope. The flange used is GIS2, for which the vacuum feedthrough
and the mirror support have been designed. Accordingly, if there is a GIS on any of the front ports it
should be moved on GIS ports 4 or 5 if possible. If those ports are already in use and one GIS must
stay at the front we suggest to use GIS port 3 and leave port 1 free. The presented design requires

custom-built components, and all drawings can be downloaded from https:/www.demarco-

lab.com/resources. In case the proposed design does not fit a specific microscope configuration

(e.g., there are collisions with detectors or manipulators) it is possible to change the position or
orientation of the PIE-scope inside the chamber by modifying the design of the custom components.

Further, not all components must be replicated using custom parts: the illumination and excitation
arms of the PIE scope can be assembled using 30 mm Thorlabs cages, Thorlabs CERNA
components or similar. The early prototypes of the PIE-scope have been realized using Thorlabs
cage assemblies, but to increase the alignment stability, and to improve the compactness of the

system we decided to opt for a monolithic aluminium body.

The assembly consists of 2 major components:

e The focus drive assembly

e The atmospheric setup

The focus drive assembly consists of a monolithic brace that is fixed on 2 M6 bolts located on the
vacuum chamber wall between the front GIS ports and the FIB column. The brace holds a long
mirror (Edmund Optics) using spring-loaded pins. The piezo linear positioner used for focusing
(Smaract) is bolted directly on the front of the brace. The objective is mounted on the positioner using
a custom adapter, the drawings provided will work with any Olympus objective, and the positioner will
be able to operate with any objective weighting less than 150 g.

The electrical feedthrough for the focus drive (LEMO) can be placed on any available flange, we
5
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used GIS port 3.

The atmospheric setup starts at the vacuum flange. The vacuum feedthrough of the light path is
achieved through a quartz window. For this purpose, we use a high vacuum compatible window
flange (Thorlabs). The flange is mounted on an adapter that converts the GIS flange into a CF-40.
The adapter also allows mounting the microscope body to the vacuum chamber.

The microscope body consists of 2 main components:

e Asturdy bracket to steer the beam path such that the sum of the reflection angles from the back
focal plane of the objective to the light source and detectors is a multiple of 90 deg.

e The main body, which consists of an excitation arm and an emission arm. This component also
hosts the dichroic mirror, the fibre adapter, the tube lens and the detector.

The mirror located on the bracket is mounted on an adjustable mirror mount to steer across 2 angles

and therefore compensate for the mechanical tolerances (which the assembly of this component are

close to 1 mm). A dichroic mirror (Chroma) and a 90/10 Beam splitter (Thorlabs) are mounted, through

a custom adapter, on a motorized linear positioner (Smaract). Switching between the beamsplitter

and the dichroic provides the choice between reflected light and fluorescence imaging.

The tube lens is directly mounted on the main body and its position cannot be adjusted. At the
extremities of the two arms of the microscope body, there are the detector and the optical fibre. The
decision to design the emission arm with a 90 deg kink was made to make the overall assembly more
compact and accordingly less prone to vibrations. In principle, this arm can be made straight,
especially if the components used for the body are based on Thorlabs Cerna or similar, but one must
be aware that the arm will be protruding beyond the current footprint of the instrument at the front,
and might result on the way when loading samples through the main door of the DualBeam.

The laser source is a Toptica iCLE-50, which ensures 50mW of laser power across four channels
(405, 488, 561, 640 nm). In our experience, a lower power will be suitable, and we calculated that
10mW is sufficient for this microscope. The detector currently is a Basler acA1920-155 um USB 3.0.
This is a cost-effective solution that has also the advantage to be extremely light and compact if
higher sensitivity is required we sustain suggest to use a Hamamatsu flash 4 V2 or V3 camera. The
current design of the PIE-scope body has been done taking into account the weight and size of this
camera.

All positioners are from Smaract, accordingly, it is possible to control them from a single motor
drive. There are multiple options, some come with USB interface and some with Ethernet, depending
on the choice of the drive one will have to choose the PIE-scope GUI. The USB drive is only
compatible with the Labview interface, while the Ethernet version allows its use with both. Accordingly,
we suggest purchasing the ethernet version.

The PIE-scope is controlled through a computer connected to the same local network of the
microscope PC of the FIB/SEM. The support PC that is always sold with the FIB/SEM is already
suitable for the task, but from experience, it is easier to have a dedicated computer so that extra

ethernet and USB 3.0 ports can be added. We currently use an HPz4 workstation with an extra
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Ethernet card to ensure enough ports are available. The PC has 1 connection to the general network
to transfer the data and 1 connected to the local microscope network to communicate with the
microscope PC. A third connection is required to connect the Smaract MCS motor drive. Lasers and
camera are connected via USB 3.0. The Basler camera is a heated CMOS camera which requires
2A of current from the USB port, it must be noted that not all ports fulfil the specification and we
suggest purchasing a dedicated USB 3.0 expansion card. Further, to enable live processing and
image segmentation, we suggest at least 32 Gb of memory and a dedicated GPU.

To control the PIE-scope, we provide 2 options: one completely python-based, where all functions
are integrated; and one which is Labview based where live camera view is not integrated due to
restrictions of the Basler SDK. Both versions of the software contain all required controls to enable
imaging with the FIB, the SEM and the light microscope. All images are stored in a single directory
and the naming is unequivocally unique (using timestamps) and always contain the imaging modality.
This makes it easy to reconstruct the sequence of events during future image analyses. Image
correlation is currently only 2D, but it is possible (in the python Ul) to define the position of milling
patterns directly from the correlated image, therefore it is possible to use the fluorescence signal to
directly define the location of the lamellae.

An example of the workflow is shown in Figure 3 and Video 2.

\
¢ Sample preparation & cryo-preservation

¢ Load sample into PIE-scope

J
3
¢ Electron imaging, sample overview
¢ |dentify region(s) of interest
7
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¢ Acquire fluorescence image volume
v
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¢ Acquire ion beam image
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Figure 3. Suggested sample workflow when using the PIE-scope
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Video 2. S1 PIEscope CorrVideo

B. Using the PIE-scope
The first step, after the LM has been mounted and aligned, is to measure the exact position of the
optical axis relative to the coincidence point of the FIB/SEM. This step requires a fiducial that can be
recognized in all modalities. The calibration consists in estimating the shift between the coincident
point and the expected position and adjusted by centring the fiducial. Write down the absolute
coordinates the shift values are then inserted in the control software to automatically perform direct
movements between imaging modalities.

In the software, we assumed 2 positions (see Figure 1 and Video 1), which can be customized: (i)
LM imaging, where the sample orientation is normal to the optical axis of the LM; (ii) FIB imaging,
where the sample orientation is normal to the optical axis of the FIB. Once the imaging positions have
been defined it is possible to perform pre-computed relative movements (shifts, tilt, and compucentric
rotations) to image the same ROI under different modalities. The control software interface allows
direct control of the FIB/SEM, a visual comparison between the FIB/SEM and LM images and saving
the data in organized sub-directories.

In PIE-scope we implemented a basic correlation procedure (Figures 4-5), which leads the user to
identify the location of the region of interest in the FIB or SEM image. Although using the proposed
procedure is optional and specific use-cases might benefit from custom-designed image processing,
we find that the availability of a general method already present and embedded in the software greatly
enhances the usability. The PIE-scope correlation is performed through custom made python scripts
that allow selecting multiple points on the LM and FIB/SEM images to calculate the appropriate
transformation. 2D correlation is performed simply by applying an affine transformation that includes
anisotropic scaling to match the pixel spacing resulting from imaging a sample from different tilts.
This procedure is best suited for 2D correlation and, according to previous reports (Kukulski et al.,
2011; Schorb and Briggs, 2014), it can lead to correlation precisions which are better than 100 nm.

Once completed, the correlated image can be used to directly select the locations of the milling

patterns for the FIB (Figure 6).
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Figure 4. Overview of the GUL. In blu the control panel which includes the focusing options, the

correlation commands and the setup for multi-channel and volume imaging using the fluorescence

microscope. The red box identifies the light microscopy panel, while the green box shows the

FIB/SEM imaging panel
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correlated images.

Creative Commons Attribution License



http://www.bio-protocol.org/e3768
https://creativecommons.org/licenses/by/4.0/

Please cite this article as: Gorelick et. al., (2020). Assembly and Imaging Set up of PIE-Scope,Bio-protocol 10 (19): e3768. DOI:
10.21769/BioProtoc.3768.

b""‘ t I Bio-protocol 10(19): €3768.
IO-pI’ 0 mo www.bio-protocol.org/e3768 DOI:10.21769/BioProtoc.3768

8| Milling Parameter Selection . m} X

X0: 458.1 X1: 589.9 Y0: 814.0 Y1: 1057.0 Return

Figure 6. The milling parameter selection. Once the correlated image is generated it is
possible to define milling boxes or patterns directly from the overlay. This increases the

efficiency in the selection of the locations to mill.
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