
24/02/2021

Dear Vidhya, 

Many thanks to you and the three reviewers for their feedback on our work (JoVE62350). We have been through the comments and implemented many of the changes that the reviewers suggested, producing, in our opinion, a much-improved version of the manuscript. 

Please see below a point-by-point response (in blue text) to each comment, including the position in the text where the change has been made. 

We have uploaded the new version of the text, along with the revised figures/tables and updated materials table to your editorial manager and we look forward to your response.

Kind Regards,

Claudine Bisson 




Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. E.g. Line 397: (merozoite)” instead of “(merozoite0”, etc.

The manuscript has been thoroughly checked for typographical errors. 

2. Line 141: On what surface are they fixed? Glass slides? Grids?

We have added “on a glass slide” to the text (Line 151). 

3. Line 181-182: Please specify the coat thickness for both methods to avoid confusion.

The coat thickness for sputter coating is variable. 

4. Lines 197, 210: Please check the values for the ion beam current. Possibly, 1.5 pA is a typo.

This is correct, surveying the sample with the ion beam is done at very low current (1.5 pA) to avoid damaging it during the setup. A higher current (300 pA) is then used for the first milling step.  

5. Line 230: Please add details about how this is checked? What are the precautions to be taken etc.

We can provide an additional document with this information, which we were required to check before taking plunge-frozen grids of schizonts to our national facility. I have added a NOTE to provide an overview what we did after protocol step 1.4  – please let me know if this is sufficient. 

6. Please do not include manufacturer’s details in the protocol. Mention those in the Table of Materials. E.g.: Line 142: VWR Int., Line 146: Sigma etc.

All instances have been removed.

7. Upto 3 pages of protocol can be highlighted and filmed. As the text highlighted is well within this limit, please consider highlighting any additional steps which could add more detail and clarity. Also include a single line spacing between successive protocol steps.

We would have to go to multiple filming sites to film further steps, we can discuss expanding the section filmed at a later date. 

8. Avoid use of personal pronouns in the protocol. E.g. “we”, “our” etc.

All instances have been removed.

9. Please do not use “&” in the references. Also do not abbreviate the journal names.

All references have now been formatted correctly.

10. Please separate the figure/table legends and add them in a separate section after the representative results. Also, do not embed figures/tables in the manuscript, but upload them separately in the specified formats.

In the revised version we have moved the figure and table legends to a separate section, as requested and I have uploaded high-res images as separate files. 

11. Please sort the Materials Table alphabetically by the name of the material.

This has been corrected. 


____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The manuscript by Bisson et al. describes the preparation of cryo-lamellae for cryo-electron tomography from Plasmodium falciparum infected erythrocytes by focused ion beam. This Cryo-FIB milling has recently received a lot of scientific interest because of the highest level of preservation and the possibility to study cellular processes at molecular resolution. The authors present their workflow for preparation and imaging of lamellae human erythrocytes, a cell type for which to my knowledge this method has not been adapted before. At the same time, they include the relevant literature references to previous studies with different cells and organisms and to ongoing efforts in method development.
While there are several protocol papers published describing comparable workflows for other specimens, only sparse video material is available for this method. Thus, I really like the idea of a video description of this workflow, which will together with the manuscript give a good overview of the steps involved. The adaptations for human erythrocytes described in this workflow will be interesting to cryo-FIB users in general but also for optimization of their own samples.
However, I feel that parts of this manuscript should be presented clearer and should contain more detail in order to avoid confusion especially to novice users. The following points hopefully help to further improve the manuscript:

We thank the reviewer for their constructive feedback and have implemented most of the changes that they suggested, which have improved the protocol substantially. Please see details below. 

Major Concerns:
The authors should carefully review their usage of method names throughout the whole manuscript. They sometimes interchangeably use 'FIB-SEM', 'cryoFIB-SEM', 'cryoFIB' technology. The method cryoFIB-SEM also exists and rather describes serial cross-section imaging by FIB-SEM with unstained frozen samples. To avoid confusion, especially to new readers outside the field, please be precise when you are talking about cryo-FIB milling (or cryo-FIB/SEM lamella preparation).

We have amended the usage throughout the text to always use the cryoFIB-SEM terminology when talking about the microscope and FIB-milling when talking about the technique, specifically mentioning plunge-frozen or vitreous samples, where necessary. We have also added a description of the cryo volume imaging approach described by the reviewer, with references (lines 103-105). 

Please also review the use of the correct plural from of lamella, which is lamellae. I found numerous examples throughout the text where the plural seemed appropriate. (e.g. line 41, 129, 214, 230, 327, 379, 458). This list is likely not complete, please check.

We have been through the manuscript and checked/corrected the pluralisation of the word lamella, including in the title. 

Line 58: '…is an essential step in the reconstruction of high-resolution tomograms…'. Please do not use reconstruction here because this should not be confused with actual tomogram reconstruction (Maybe rather generation or something entirely different).

We have changed this to “…essential step for downstream techniques, including cellular cryoEM, cryoET and sub-tomogram averaging …” (lines 59-61)

Line 104-105: Limited thickness for cryo-sections. Please cite where this number comes from, also does it refer to the methods limitation or the access to higher resolution information.

We have altered the text to explain that compression artifacts increase with the thickness of the cryo-sections. We’ve also added a reference for the optimal thickness and now give a range of 40-100 nm. (line 113) 

Line 116: 'surface area (>100² µm). Should probably say > 100 µm²? But how is this number justified? In Fig 6B you show an example with only 30 µm². Does this mean you can't do tomography here? At some point it will of course become too small to fit record and focus area, especially when tilting and the throughput will suffer a lot, but this number seems arbitrary.

We agree, the lower limit is dictated by the surface area required to fit the acquisition and focus areas, therefore this also depends on the magnification. We have deleted this value and explain minimum surface area in later sections (line 127 and 469).  

Line 171: You mention the meniscus of ice here and refer to Figure 2, however Figure 2 does not highlight the meniscus and it is not mentioned in the Figure legend.

Meniscus is the wrong term here, the best grid squares should be one cell thick at their centre, so we have changed the text to reflect this (lines 179-185).  

Line 175: Cryo-FIB milling: This part is missing information about how to clip the grids into the autogrids, cell side should be facing down during clipping and then up when loading in the cryo-FIB shuttle. This is crucial, because if this is not done correctly, lamella making is not possible.

Yes, this is a very important point that we have now added text to point this out (line 194). 

Line 185/186 & 197/198 & 352-358: Please state both voltage and currents used for these steps.

The voltage of the ion beam is 30 kV at all currents (see Table 1 for milling scheme). We have now added this to the text (line 216).

Line 214 - 222: In one paragraph you mention thickness of 0.3 µm in the other thinness of 100-300 nm. I find that misleading, aren't the thicker ones are the same thickness? Does this mean some lamellae have not been polished? It would help to know how many lamellae you make on a single grid. Explain why you start polishing from the front and then move to the back and how long do you take for final polishing (do you limit yourself to approx.1 h to avoid contamination?)

Yes, we can see why this might be confusing, so we have edited the text in this part of the protocol (2.8-2.13) (lines 226-253) to provide much more detail. We have added a panel to Figure 5 to explain the polishing route and expanded on the other points that the reviewer mentions, in more detail in the representative results (lines 422-445). 

Line 234: It is clear to me that the lamella needs to be perpendicular to the tilt axis and why, but I'm not sure I understand the term 'the length of the lamella is aligned to the direction of rotation'. 

Yes, trying to labour the point here didn’t help with the explanation – this text has been removed. 

Similarly, in line 308-09, 'rotation axis' and explanation that follows should be clearer. Tilt axis would be better here (see also line 382 and 545).

We have changed the text to consistently use the correct term – tilt-axis. 

Line 240: The pretilt depends on the loading orientation/ direction into the cassette, depending to which side the cutout of autogrid is facing. If loaded 180° rotated, it should be -10°. It would be helpful to mention this somewhere. It might be good to mention how the authors determine the pretilt.

We have added a sentence to the protocol as a NOTE to explain this (after step 3.3). 

Line 250 & 254: Use the correct names: MotionCor2, etomo, IMOD

These have now been edited. 

Line 457: '(expect 50 %)' Is this value determined anywhere here (if so from how many lamellae/ grids), how reliably is this value or is it rather empirically determined? Also, later in the text you mention micro-expansion gaps which have been shown to reduce overall breakage. Is this value with micro-expansion gaps and if not, would it be helpful to mention that this may reduce the number here in the text.

The 50 % figure is just through our personal experience, some grids will be better than others. We have edited this part of the text to explain this better (lines 550-558).

We have not tried the micro-expansion gaps ourselves, so can’t really comment on this, but we wanted to include this paper as it is a new adaptation of the technique and may be helpful in certain circumstances.  

Figure 4 and Figure 7: Mark OP and CU in a consistent way. For OP you once use an arrow, in the next panel only writing and then you mark the border. Please find a consistent way that highlights the platinum layer best (maybe make a border for all images). Same for goes for curtaining, use a either an arrow or outline, but not three different ways of highlighting.

OP is now consistently labelled in yellow with a dashed line indicating the extent of the organoplatinum coat (Figure 3 and 6). CU is coloured blue with a bracket showing the region of curtaining, this is now limited only to figure 6 as this is the relevant part of the text. 

Line 561 & 602: The carbon layer in both images (Figure 4 B and Figure 7 B) is hard for me to see here from these images. How do you know where it starts? Is this the only the carbon foil on the grids or have they been coated with an additional layer of carbon?

The carbon layer shown in these images is a strip of 2/4 holey carbon film on the EM grid that runs through the lamella. Cells in front of this layer (closer to the ion beam) are on top of the carbon and behind this layer (further away from the ion beam) are below the carbon. With this grid type you usually get a strip of carbon through the lamella, but its position varies depending on the thickness of the cells at the milling position. We have improved the labelling in Figure 3 and 6, but granted it can still be challenging to see. The new figure 5C, showing the loss of contrast during polishing, shows the carbon layer better as a dark black stripe across the middle of the lamella, hopefully this makes it clearer.  

Line 618: 'and labelled the same as in part,' reference missing here.

This should be part D, we have edited the text. 

Minor Concerns:
Line 35: Please be consistent throughout the whole text with the usage of 'cryo-' or 'cryo '.
For example: In line 35 you use 'cryo electron tomography'. In line 43 'cryo-electron tomography'.

Cryo- is now hyphenated in all text apart from where a defined term e.g cryoFIB-SEM or cryoEM is used. 

Line 79: 'bombarded': colloquial, maybe find a more suitable word.

We have changed this to ablated. 

Line 153: Does the concentration of cells vary between different preparations and would it be helpful to give a cell concentration here to have a comparable value?

We have given a 50 % haematocrit value (protocol step 1.3), which is the closest approximation of cell concentration you can give for this type of sample. You aim for all the cells to be mature schizonts at the same stage of growth, in reality, the homogeneity of the prep varies each time you purify the schizonts depending on how closely they are synchronised. 50 % haematocrit is rather a thick cell solution, which works well for this sample, other samples will be different. 

Line 156: Is it helpful to be more specific about the glow discharging? (model used, from carbon side or both sides, etc.)

We have added this information (protocol step 1.4)

Line 197: Nothing is said here about the width of the lamella and the size of the milling patterns.
Line 204/205: With the height of the milling pattern, do you mean the z size or depth? Since this is related to the milling time, maybe rather the milling duration?

We comment on the width of lamellae in the representative results section (lines 422-432)) but we have also added a note after protocol step 2.6 to provide this information at an appropriate place in the method (line 222). There is no set height for the patterns, it all depends on the thickness of the sample. We usually start around 6 um high for the first milling step, but adjust this on the fly. For subsequent milling steps, the patterns only need to cover the un-milled material. We have included this information in the NOTE after protocol step 2.6 and the text in step 2.8.

Line 227: (5 mA, 8 secs) I would assume this varies between instruments? What is the expected thickness of the Pt layer here in order to be helpful for ET?

Yes, it is very variable even with a set current and timing, so should only be done if you can trust your sputter coater. We have tried different things with this and now choose not to sputter coat routinely, hence why we added this as a NOTE rather than a protocol step. The lamella used in Figure 8 (now Figure 7) was lightly sputter coated after milling and the detail in the tomogram suffered as a result. We have edited the text to explain this (NOTE after protocol step 2.13).   

Line 230: What's the benefit of cryo-fluorescence microscopy screening here? This sample doesn't have fluorescence markers? Or is this more meant as a general note? To my knowledge there are only few labs doing this successfully and studies published so far use transformation of fluorescent signals from z-stacks acquired before milling. So doing this is far from standard in my opinion.

We did not use CLEM in this study, so this is meant as a general note. We agree, obtaining z-stack information is far from standard, but correlating X/Y positions to target milling is more straightforward and has been done with a relatively un-complex setup with other samples in our group and by others. It all depends on the strength and distribution of the signal. Screening for fluorescence inside lamellae is more challenging as the lamellae are very thin, so it all depends on the signal strength. It is possible, so we have changed the text to reflect this (line 261) and added an additional NOTE after protocol step 1.5 (line 187).

Line 257: 'outputting unbinned, 2x, 4x, 8x binned tomograms.' Obviously, this very much depends on the downstream application. For segmentation and viewing, you may not want to generate a lot of unbinned tomograms.

Yes, we agree and have changed the text accordingly. 

Line 283 & 292: should probably mean 'back side blotting'

We don’t like the term back-side blotting but have changed the text to “blotting the grid from the back” in both cases.

Line 296: Is TEM screening with grid maps really useful for this sample, if you have a continuous layer of cells? I would have thought you will mainly get black images even on good grids?

For this sample, we couldn’t screen by TEM, but for other samples it would be possible and recommended as you’d have cleaner transfer steps and more information about the ice gradients across the grid. We have changed the text to explain this (lines 340-344).

Line 317: It would be helpful to know that on which side the cutout is when loading determines the pretilt.

We have added information to explain this in NOTE after protocol step 3.3 and a section of text in the “Collecting and processing tilt-series data” section (461-467). 

Line 332: 'which sticks to cold surfaces' maybe 'condenses on' is less colloquial.

This has been edited.

Line 375: 'they will just be shorter than usual' maybe add that this results in lower cryo-ET throughput.

Yes, it would, there will be fewer available areas to collect data from, however, you can produce more lamellae from a thinner sample in a single session – so it could work out, depending on the sample. We have explained this in more detail (lines 429-432)

Line 397: typo '(merozoite0.'

This has been corrected.

Line 438: remove 'very'

We have edited this sentence to remove the words “very precious” all together. 

Line 444: '(gold is more fragile, copper is more robust, but toxic to some cell types)' Does the metal of the grid really make such a big difference? In terms of softness, gold and copper are almost equally soft (Mohs scale). Also, gold foil is considered more stable. I assume only the grid mesh is meant by gold here, however the statement could be confusing.

Fair point, we really just wanted to point out that you would normally use gold grids for cells because copper can be toxic – it depends on the cell. You can’t use gold foil because you can’t mill the gold at these low ion beam currents, so it has to be carbon film. We have changed the text to reflect this (lines 536-542).  

Line 503: '*polishing should be performed in parallel, where milling areas are active at the same time.' Would be good to give a reason for this, if there is any.

This evenly heats the lamella from both sides as it reaches its final thickness, reducing the risk of the lamella bending or bowing. We have added text to explain this in the legend for Table 1.

Line 527: Figure 2. Scale bar in (B) not shown. Because (B) mentions a 300 mesh grid it would be good to write in (C) that this is a 200 mesh grid.

We have amended the figure legend and added additional annotation to part C to describe the varying ice thickness across the grid square. 

Figure 5 F: The lamella edge could be highlighted with an arrow.

A white arrow has been added (now Figure 4F). 


Reviewer #2:
Manuscript Summary:
In their manuscript entitled 'Preparing lamella from vitreous biological samples using a dual beam scanning electron microscope for cryo-electron tomography' Bisson et al. describe a protocol for site-specific thinning of vitrified specimens for subsequent analyses by cryo-electron tomography.The title and abstract are in accordance with the paper content. The introduction properly sets the stage, however, the authors should mention the most recent developments in the field, e.g. the automated cryoFIB protocols implemented by the Pilhofer and De Marco labs (eLife and JSB papers published last year). Also, cryoET of in vitro specimens and viruses should be mention in line 67 as this is where cryoET earned the reputation of a technique capable of producing high resolution information (e.g. Briggs group work on HIV). Finally, the authors should emphasize that cryoET is helpful to address not only biological problems that require high-resolution information obtained by subtomogram averaging but also complex cell biological phenomena where broader cellular context is required (e.g. bacterial cell division investigated by the Jensen and Lowe groups).

We thank the reviewer for their feedback and the additional references, which now been incorporated into the relevant sections in the introduction or discussion. We hope this provides the reviewer with the extra context that they were looking for. Please see our responses to their other comments below. 


Major Concerns:
Currently there are several detailed papers describing protocols for cryoFIB of biological samples (e.g. from the Plitzko and Villa groups) that enable other researchers highly efficient implementation of this technique in their labs. With this respect the submitted manuscript is neither novel (which is not required by JOVE) nor efficient, as I will discuss further. In their discussion, the authors put emphasis on sample preparation optimisation but the manuscript itself is very scarce when it comes to comprehensive sample optimisation that would yield reproducible results. 

The reviewer is fair to point out that our method is not novel and there are other publications that describe much more sophisticated approaches to FIB-SEM. We reference these groups work in our manuscript. We did not intend to write a proof-of-principle method, instead we wanted to describe our journey through sample optimisation of malarial schizonts, which have not been prepared in this way before and relay what we have learnt to others who might be embarking on FIB-SEM with other novel samples. We do this using basic tools found in most EM labs and in partnership with our national facility as well as local collaborators. The protocol presented here is therefore an accessible guide through the critical steps of optimising samples for FIB-SEM, which we hope will inform others who may be new to this technique. It may not be the most efficient workflow, but we do achieve reproducible grids, therefore this shows what can be done with more limited resources, making the basic technique more accessible.

Given that schizonts are not adherent cells grown on EM grids but applied as a solution directly before plunge freezing, the authors should estimate what's the optimal schizonts concentration (in cells/ml) that results in a uniform layer suitable for cryoFIB. 

50 % haematocrit is % v/v red blood cells (in this case schizonts) to growth media, which is the standard way of quoting concentrations for this sample. This makes a fairly dense cell suspension and is the most appropriate way to describe the cell concentration in this case. For different cell types, the cell density would have to be optimised in each case given how the cells interact with the grid, the grid type, the blotting conditions, the cells themselves etc, so we don’t think providing cell/ml concentration is actually that helpful to others. 

Given that a vast majority of the labs use automated systems for plunge freezing (e.g. Vitrobot or Leica systems) I am surprised that the authors did not include even a brief discussion on what would be initial plunge freezing parameters there (humidity, temp, double vs. one sided blotting etc.). 

We used a bench top manual freezing rig, which was located inside a containment 3 facility and fully describe the method. The nature of a manual rig is that it is exposed to changes in the local environment - temp, humidity and air-flow all fluctuate - but despite this, we were able to make reproducible grids. 

We do briefly discuss the setup for an automated plunge freezer, but the specific settings would depend on the cell-type and the actual plunge freezer used – therefore this is all part of the optimisation process. For schizonts, we would probably start with room temperature and high humidity (~70%), which we have now added to the text (lines 334-338). We also discuss this across lines 536-542 in the discussion. 

Finally, I am concerned about employing cryoLM solely for sample screening, unless additional information for cryoCLEM purposes is obtained during the process. Performing cryoLM is always associated with additional cryo-transfers and sample exposure to the environment, which inevitably leads to ice contamination etc. I believe that once optimal and reproducible sample prep conditions are found there is no need for cryoLM, particularly if it is to be performed on bare grids (paragraph starting at line 169).

In our hands we did not experience excessive surface contamination when screening by light microscopy, but it is true that screening by TEM would be cleaner. We couldn’t do this as our grids were too thick (See additional TEM overview in Figure 6A). Once reproducible blotting and plunge freezing conditions had been optimised for this sample, we didn’t need to screen all of the grids by light microscopy and often milled grids without screening them first. We have added some text to explain this (lines 340-349). 

I am also concerned with the quality of the data presented in Figure 8 - membrane appearance is akin to that of a devitrified sample. The authors should include more other examples to convince readers about the efficacy and robustness of the protocol.

There was no clear evidence of devitrification in this lamella or the grid in general, although we can’t rule out a minor effect. If the sample had suffered radiation damage during the tilt-series acquisition we would have seen this in the state of the rhoptry contents, which are the first thing to melt in these samples if they experience excessive dose. We think that the lack of clarity in the membranes is due to the sputter coating applied to the grid after milling (now shown in Figure 7E), which has made the contrast lower and therefore effected the reconstruction slightly. We have added some zoomed in views of some of the membranes from the sample showing that the lipid bilayer is visible in the tomogram, indicating it is of sufficient quality for analysis. In addition, we have added a second tomogram, plus annotations to Figure 8, showing the apical end in a mature merozoite. This lamella was not sputter coated after milling and we hope the improved contrast is clear.  

Minor Concerns:
Line 68 - would add 'cryo' before focused ion beam (FIB)-milling to emphasize difference from materials sciences

We do say that this is at cryogenic temperatures later in the sentence. Based on feedback from all the reviewers, we have been through the text and made the terminology more consistent. 

Line 78: is focused ion bean, should be beam

Good spot – thanks for that. 

Line 79: re-phrase, 'ions generated by a gallium source'

Yes, this reads more cleanly, we have made this correction. 

Line 85: 'transfer' replace with 'sample transfer'

Yes, this should be sample transfer, we have made this correction. 

Line 113-114 - it is possible to prepare on grid lamella of high pressure frozen samples without cryo lift out although laborious (Medalia's group Nature Methods 2015 paper)

Yes, that’s the reference to adapted sample carriers for high-pressure frozen samples (ref. 28 Harapin et al, 2015) which is used here. 

Line 153 - 2.4 x g ???

This is an error, it should be 240 x g, we have corrected this. 

Line 172 - why one cell thick? Two or three cell thick layer should still be capable of vitrification and produce longer lamellae.

A lamella is milled through the sample at a shallow angle, so captures multiple cells both above and below the carbon layer as a strip across the centre of the grid square. Ensuring that the grid square is one cell thick in the middle, means that the ion beam should break through above and below the lamella avoiding the thicker ice next to grid bars. If the ion beam does not break through you produce a wedge, rather than a free lamella, which is not as useful for tomography and in our experience, can have crystalline ice in its thicker parts. From a practical point of view, it is more time efficient to mill somewhere you know is on the thinner side as you will make quicker progress with the initial cut, rather than milling somewhere thicker and waiting for ages during the initial cut to see if the ion beam has broken through or not.  

Line 397 - ) is missing

This has been corrected.

Figure 2B - scale bar missing. Also, using a 300 mesh grid for subsequent cryoET work is not an ideal choice

Agreed, that is why we used 200 mesh finder grids in our study. Figure 2B shows a trial with 5/2 square holey carbon (which happened to be on a 300 mesh support). The hole size matches the cell size quite well, so we wondered if this might produce a nice monolayer of schizonts. In fact, the samples were usually far too thin and produced unstable lamellae. The scale bars for parts A and B are the same. 

Figure 2C - please highlight the relevant cells/structures with arrows/arrowheads

We have amended this figure to point out the structures mentioned. 

Figure 5B - can't really see what the arrows point to

The purpose of this image is to demonstrate the change in contrast when you increase the energy of the SEM to 30 kV, enabling the operator to screen ice thickness and in this case, the position of the letters and number on the finder grid. We have added an inset to the figure (now Figure 4B) to make this clearer. 

Figure 8 - the specimen appears to be devitrified

As discussed earlier in our response, we think the sputter coat has made the membranes appear less clear in the tomogram. 

Line 390-391 - authors should discuss the pixel size issue not only in the context of desired final resolution but also the field of view

Agreed, we have added text to explain this in more detail (lines 468-470).


Reviewer #3:
Manuscript Summary:
This paper provides a good and useful description of the method of making cryo-lamellae from plunge frozen grids of cells. While the authors use Plasmodium falciparum-infected red blood cells (RBC) in this study as a model system to outline their protocol, they mention that this can be easily adapted to other biological systems, which is useful and interesting.

The primary techniques used in this study encompass preparation of schizonts (malaria infected RBC's), optimizing grids and conditions for manual plunge freezing, screening ice quality by light microscopy, optimizing organoplatinum coating thickness and FIB milling steps to obtain the best lamellae and subsequent cryo-electron tomography. While the paper largely focuses on the protocol for obtaining well milled cryo-lamellae, some insights into the observed structure of the merozoite within the RBC's to what is already known has been proposed.

The protocol outlined here aims to serve as a general guide for obtaining well milled cryo lamellae. However with this in mind, my main criticism is that some aspects have information missing and are less adequately explained. These can be easily rectified and further strengthened by providing more detailed explanation and figures in the paper.

We thank the reviewer for their comments, some of which have already been addressed by our responses to the other two reviews, any additional changes in direct response to reviewer 3’s comments are outlined below.

Major Concerns:
1) Page 4, line 171
The importance of ice quality while screening grids with a light microscope is mentioned specifically with reference to the ice meniscus around each square in the grid as shown in Figure 2. But looking at the figure 2, it is not completely clear where exactly this meniscus is. It would be good to clearly label the meniscus or annotate it in some way. Also helpful would be a higher magnified figure comparing how the meniscus looks (rather than ice thickness in general) in a less ideal state (more thick or more thin).

We have changed this part of the protocol as we weren’t satisfied that looking at the meniscus was in fact a good way of judging the ice thickness. It is more important that the ice at the centre of the grid square is one cell thick (or down to the carbon), this ensures that you can mill a lamella starting at the centre of the grid square without hitting the very thick ice around the edges of the grid square next to the grid bars (see edited text in protocol section 1.5 and line 345 in representative results). Additionally, we have annotated Figure 2C to indicate good milling positions and where the ice is too thick around the edge.  

2) Page 4, line 189
The authors mention the thickness of the organoplatinum coating on the sample being crucial and needing to be > 2μm to preserve the integrity of the lamellae. Considering this is a method that would allow others to replicate and follow, its important to provide as many details of the application conditions including temperature of the GIS, sputtering time and the distance from the grid during sputtering. A table collating all the data relating to application conditions carried out by the authors on their system in relation to the above parameters will provide greater clarity and insights into what worked and didn't work.

We have added temperature and timing details as a guide (protocol step 2.4 and NOTE), but the settings will differ by instrument, so we have provided additional detail about this in the relevant representative results section (lines 379-403). As a user at a national facility you may not be able to do much about the settings for the GIS, but you can ensure that you pick a milling spot where the coating and the sample looks good, which we have also now explained in more detail. 

3) Page 5, line 215-218
The text refers to planning a polishing route of the milled lamellae from the closest one to the ion source to the farthest away. It would be useful to add more details in the text as to why this is seemingly quite important as pointed by the authors and/or what is the result of not following that methodology.

We have now explained why this is important in protocol step 2.11 and lines 442-445, plus we’ve added a schematic (Figure 5D). 

4) Page 6, line 279
The paper clearly points to grid optimization prior to milling as being crucial and a major focus of this paper. However, not enough details have been furnished for plunge freezing optimization with other grids, although it is mentioned that they were trialed. For example, Figure 2 shows use of only one other type of grid other than the Quantifoil 2/4 200 mesh ones that suit best for the cells used here. A list of the other grids trialed alongside their freezing conditions tested and why they were not compatible will provide thorough information. Further, comparable figures of these various frozen grid types will render more useful information and clarity.

Unfortunately, we don’t have a set of high enough resolution images showing all of the grid types that we’re trialled, but we have added text to the representative results to descibe this optimisation step (lines 319-329).

5) Page 9, line 385
A possible aspect of transfer damage may also include sample being partially devitrified. Showing a figure for comparison if possible of an intact lamella and a lamella partially devitrified after transfer will be useful for using this protocol as a general guide of "what not to obtain".

We have added a panel B to Figure 6 showing a lamella containing crystalline ice, indicating either poor vitrification or de-vitrification during one of the transfer steps. In this case, it’s probably the former as the milled region entered thicker ice around the edge of the grid square, such that the FIB could not break through the back edge of the lamella, which generated a wedge. This lamella didn’t provide any useful tomography positions as it was also severely cracked, had large particles of surface contamination and shelves of un-milled material towards the back edge, which obscured the view of the sample at high-tilt. Text to describe this has been added to the figure legend and text (line 454).  

6) Page 10, line 420-424
The authors refer to the striking difference in morphology of their observed merozoite after RBC invasion as seen by cryo tomography as compared to the mature merozoite prior to infection. However, this feature is not entirely novel and has been observed previously by Hanssen E et al (Cellular Microbiology, 2013) showing fusion of rhoptries in invading/post invasion merozoites.

The reviewer is right to point out that our observation is not entirely novel and that similar observations have been reported previously using fixed and stained parasite material in resin sections. Hanssen et al report the morphology of fused rhoptries prior to invasion, but many outstanding questions are posed in their paper concerning how the fused rhoptries maintain their shape and what happens to them after invasion. Where our observation differs is that the merozoite has fully invaded and we observe details of a complicated membrane structure surrounding the fused rhoptries, plus a lack of IMC in the merozoite, suggesting that these membranes may be what’s left over of the IMC after invasion. We also see a closely juxtaposed double membrane surrounding the invaded parasite and many multi-layered vesicles within its cytoplasm. These features are new and have not been shown in unfixed and unstained cryo samples before, representing, in our view, novel details from a step in parasite invasion, prior to the formation of a ring-stage parasite. As such we think this is interesting to the malaria field. We have added some more analysis to compare our observations to those from Hanssen at al and referenced this and other papers to support our conclusions. We think that these additions have strengthened this section of the paper and would like to thank the reviewer for their feedback on this
. 

7) Page 11, line 442
Although the authors mention that the focus of this work is optimization of grids for various cell types, they have only presented optimized trials for one cell type - malaria infected red blood cells.

The focus of our work was not to optimise grids for all cell types, the project focussed solely on P. falciparum schizonts. However, any cell suspension could be plunge-frozen and milled using a slightly modified version of our protocol, which is what the section of the discussion starting line 536 explores. The critical steps in the approach would be no different, but the specifics at each stage would need to be optimised for the particular cell type and instruments used. We have modified the text at the start of this section to emphasise this point. 

8) Figure 5
The authors mention that polishing is stopped when loss of contrast is observed. However looking at the image, it is not abundantly clear as to what is the loss of contrast they refer to. As this step is unarguably important to obtain thin electron-transparent intact lamella, an image with a lamella prior to achieving loss of contrast and stopping the polishing will provide greater clarity and understanding on the exact timing of this event.

We have added a new panel C to what is now Figure 5 to show this. An explanation is given in the figure legend.

9) Figure 8
Although the position of the sputter coat applied to the lamella after milling is indicated by the black arrow in Figure 5E, this is not entirely clear. Annotating it in both Figures 8D and 8E will be more useful to follow.

The two coatings that the reviewer is talking about here are different things. The first is the organoplatinum coat applied via the GIS needle before milling, seen as the bright white stripe in Figure 5E (now Figure 4E) and dark black layers, labelled OP, in Figure 7C and D (now Figure 6C and D). The second is a sputter coat of platinum that can be optionally applied to the grid after milling, which helps disperse charging in the TEM, indicated by the black arrow in Figure 8E (now Figure 7E). We have changed the annotation in Figures 4 and 6, to make the organoplatinum coat clearer and changed the figure legend in Figure 7 to explain that this is a different coating.  

10) All images including light microscopy and cryo SEM/TEM images do not show the size of the scale bars. This needs to be clearly displayed in all images.

The scale bar sizes are indicated in the figure legends. 

Minor Concerns:
1) Page 4, line 197
Information relating to when the ion current 1.5 pA is used is not entirely clear and confusing at times. While Table1 outline currents used for the step-wise milling steps (300pA to 30pA for the polishing), it doesn't include the use of 1.5 pA. Clarification is needed if this is only used for visualization and imaging and nothing to do with milling or otherwise.

We have added text to the protocol (step 2.6) to explain this more clearly and to the legend for Table 1.  

2) Page 4, line 202
More information on the milling pattern parameters, such as if the rectangle patterns are milled one after the other and from which end - top to bottom or vice versa will enable greater clarity while trying to replicate the protocol. The authors have also used SEM imaging intermittently during the milling to check if it looks ok. Information relating to what voltage/current and how often this was carried out to avoid burning the sample will prove useful.

On the Scios cryoFIBSEM milling is carried out in parallel (where both patterns are milled concurrently) using the default “Rectangle” milling pattern. The lower pattern is rotated 180° so milling is performed toward the faces of the lamella. On the JEOL cryoFIBSEM milling is carried out sequentially, the top pattern is milled first (same beam path) and then the bottom pattern is milled afterwards, except for the final polishing step, where parallel milling is used. We have added an extra NOTE after protocol step 2.6 (line 226) to explain this. 

For the SEM imaging voltage/current, see response to next point.

3) Page 5, line 220
More detail regarding how often frequent monitoring by SEM during polishing at 3KV without causing sample radiation was carried out will help further clarifications. Additionally, it would be useful to see some numerical parameters such as speed of image rastering, image resolution and image averaging used.

Imaging parameters for the SEM during the final thinning process, typically are 2 – 3 kV, 13 pA, dwell = 300 n, 3072 x 2048, taking ~ 2 s for a full frame, with no frame or line integration averaging. We have added this information to protocol step 2.12 (line 253). To limit radiation damage, the frequency of SEM imaging is minimized only for necessary monitoring. 

4) Page 5, line 238
Provide values of low and medium magnifications used for acquiring the maps by cryo-TEM.

The magnification used for the medium-magnification montages will depend on the size of the lamella, but we have added some details to protocol step 3.2 as guidance. 

5) Page 7, line 297-298
Annotate meniscus for further clarification in Figure 2 (see comment 1)

Please see earlier response to comment 1 from reviewer 3.  

6) Page 7, line 318
Specify the names of inks tried and used that did not interfere with the milling.

We used Staedtler Lumocolor permanent pens to mark the rim. They seem to work fine, so we have added this to the text (line 368). 

7) Page 9, line 383
Actual magnification used to obtain the medium magnification montage maps for each of the lamellae needs to be provided.

See response to point 4 above. 

8) Page 10, line 397
In the statement "The example shown here (Figure 8) contains a red blood cell that has recently been invaded by  P. falciparum parasite (merozoite0", the 0 needs to be replaced with a close bracket.  

We have now corrected this error.

9) Figure 1
Adding labels denoting the various structures such as vacuole, merozoites, haemoglobin and hemozoin crystals to the figure will enable further clarity.

We have added a schematic to each image indicating these cellular features. This also helps understand Figure 2C. 

