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Abstract

Three-dimensional  electron  microscopy  (3DEM)  is  an  imaging  field  containing

several powerful modalities such as serial section transmission electron microscopy

and  electron  tomography.   However,  large-scale  3D  studies  of  biological

ultrastructure on a cellular scale have historically been hampered by the difficulty of

available techniques.  Serial block face scanning electron microscopy (SBFSEM) is a

3DEM technique,  developed in  2004,  which  has  greatly  increased  the  reliability,

availability and throughput of 3DEM.  SBFSEM allows for 3D imaging at resolutions

high enough to resolve membranes and small vesicles whilst having the capability to

collect data with a large field of view.  Since its introduction it has become a major

tool  for  ultrastructural  investigation  and  has  been  applied  in  the  study  of  many

biological fields, such as connectomics, cellular and matrix biology.  In this review,

we will  discuss biological  SBFSEM from a technical  standpoint,  with  a focus on

cellular applications and also subsequent image analysis techniques.  
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1 Introduction

Although the earliest discoveries regarding the cell and its ultrastructure were made

using light microscopy, the advent of electron microscopy (EM) and the development

of suitable sample preparation techniques made it possible to examine the cellular

ultrastructure in finer detail  (figure 1).  Standard transmission electron microscopy

(TEM) of plastic embedded cells has enabled researchers to examine cellular ultra-

structure at a resolution suitable to trace individual phospholipid bilayers  (Glauert,

1984).The increase in resolution allows researchers to examine cell-cell  and cell-

matrix interactions that would be impossible to resolve using photons of light.  TEM

can excel in delivering high-resolution images of exceedingly thin (20-70nm) slices of

tissue, and various techniques such as serial section TEM and electron tomography

exist  that  allow  this  high-resolution  approach  to  extend  into  three-dimensions.

Electron microscopists have become proficient in understanding how to interpret the

two-dimensional slices as part of larger volumes of tissue, and take advantage of

these 3D electron microscopy (3DEM) techniques to produce truly 3D datasets.  3D

TEM  in  its  various  forms,  despite  its  continued  power  and  importance,  has

limitations, with high costs, difficulty and unreliability being chief among them.  Over

the past 30 years several 3DEM techniques have been developed that are based on

the scanning electron microscope (SEM).  These techniques sacrifice the ultra-high

resolution  of  the  TEM  in  exchange  for  faster,  easier  and  more  reliable  data

collection.   They are focused ion beam scanning electron microscopy (FIBSEM),

array tomography and the focus of this review: serial block face scanning electron

microscopy (SBFSEM).  In order to illustrate the advantages and disadvantages of

the 3DEM techniques as well as throw some light on how the field has developed

over time, we will briefly run through each technique below.



1.1 Stereo pairs

The simplest  of  the 3D TEM techniques is  to  generate a stereo pair  where two

images are taken at slightly different tilt angles to mimic the separation of human

eyeballs (Turner, 1981).  A tilt pair can be taken on a standard TEM.  The tilt pair is

effectively two angled 2D projections of planes within the 3D sample volume, which

allows users to ‘see’ within the slice.  If a thicker section is tilted it is possible to see

how the structures  within  the section interact,  but  it  is  difficult  to  interrogate  the

images in a scientific manor.  Although many techniques have been developed to

quantify  internal  structures  (Ghosh,  1981),  stereo  images  are  more  suited  to

demonstrating concepts than to facilitating data analysis. 

1.2 Transmission electron tomography

Taking the concept of tilting the sample one stage further, electron tomography is a

technique in which numerous images are taken of individual tissue sections which

are tilted at regular angular intervals.  Each image is a projection of all of the material

within the section.  By back projecting the images, it is possible to generate a 3-

dimensional  reconstruction  of  the  tissue in  the  section.   The  electron  tomogram

produces a high-resolution (typically down to a few nanometers) reconstruction of

the sample, but the field of view is normally only a few micrometers  (Barcena and

Koster,  2009).   The technique is  best  used for  examining  small  regions at  high

resolution however it is possible to combine low-resolution electron tomography with

serial sectioning if the examination of larger volumes is desired.  By imaging serial

thick sections (1-2 µm per section), large volumes of tissue can be examined using a

400kV microscope  (Soto et al., 1994).  Before we purchased our serial block face



equipment we examined embryonic tendon development using stacks of sixty 300nm

thick tomograms  (Kalson et al.,  2013).  We would not recommend this approach,

however, as it is very time consuming and has a high risk of failure, although the

technique does have the advantage that it allows for specific regions to be revisited

at higher resolution.

1.3 Serial Section TEM

Standard  serial  section  TEM  (ssTEM)  involves  collecting  a  series  of  50-70nm

sections that span the volume of interest and imaging each one separately (Rieder,

1981).  The process requires a high level of technical skill, as the resin embedded

block has to be trimmed perfectly in order for the sections to leave the block as a

single ribbon.  There are many opportunities to lose or damage slices during the

procedure and even experienced microscopists can make mistakes when sectioning.

In the context of ssTEM this means that the whole process must be restarted, as

otherwise the resulting dataset would be incomplete.  In the early days of ssTEM the

images were collected onto negatives and to create a 3D model the negatives could

be enlarged and traced in order to cut out the cellular shape in expanded polystyrene

sheets  (Pedler  and Tilly,  1966).   Fortunately  in the present  era of  high-powered

computing, images can be aligned and volumes can be generated with much greater

ease (Fiala, 2005; Kremer et al., 1996).  Despite its high difficulty, ssTEM is still in

use today  (Fischer et al.,  2018; Tsukamoto and Omi, 2017) and has the distinct

advantages of giving higher resolution when compared to the block face imaging

techniques and also providing for the ability to re-image archived slices. 



1.4 Array tomography 

An alternative to collecting serial TEM sections is to use a technique that has been

termed array tomography  (Micheva and Smith,  2007).   Here serial  sections of  a

sample  that  has  been  stained  en-bloc with  heavy  metals  are  collected  onto  a

substrate and imaged in an SEM.  The development of array tomography has been

greatly helped by automated methods of collecting the serial sections, such as the

Automatic Tape-collecting Ultra-Microtome  (Schalek et al.,  2011).  The Automatic

Tape-collecting Ultra-Microtome is a device comprising of an ultramicrotome, which

automatically  collects  sections  of  resin-embedded  tissue  on  Kapton tape in  long

reels.  The tape is then cut into sections and attached to silicon wafers for imaging in

the  SEM.   The  advantage  of  this  technique  is  the  reduced  amount  of  manual

manipulation,  which  reduces the loss  of,  or  damage to  individual  sections.   The

sample can also be archived and revisited.  Software is being developed specifically

to  image  these  arrays  of  sections,  speeding  up  the  data  acquisition  process

considerably (Hayworth et al., 2014).  The sample collection still appears to be time

consuming  and  requires  a  highly  trained  user  who  is  capable  of  reproducibly

preparing  high  quality  TEM sections,  however  the  technique  does  exceed  in  its

versatility,  facilitating  repeated  imaging  at  different  resolutions  and  reducing  the

problem of sample charging encountered with the block face imaging techniques

(Wacker et al., 2018).  

1.5 Block Face Imaging techniques

The block face imaging techniques consist of focussed ion beam SEM (FIBSEM)

and, the focus of this review, serial block face SEM (SBFSEM).  In contrast with the

previously  mentioned  techniques,  which  involve  imaging  thin  slices  of  stained



material cut from an epoxy resin block, the FIB-SEM and SBFSEM directly image the

sample block face.  

1.5.1 Focussed-Ion beam scanning electron microscopy

Focussed-ion beam SEM takes advantage of the dual  beam instruments sold by

many of the microscope manufacturers.  The instruments were initially developed for

materials science applications but are now frequently being used for volume imaging

of biological samples (Knott et al., 2008; Xu et al., 2017).  The basic instrument has

an electron column, which can be used for standard scanning electron microscopy.

At an angle to the electron column is an ion column, which generates positively

charged ions (frequently gallium) and accelerates these towards the sample in a

controlled manner.  Both the electron column and the ion column have scan coils,

which allow the beams to be accurately moved across the surface of the sample.  As

the ion beam is scanned over the sample, high-momentum ions mill away material in

a highly controlled fashion  (Volkert and Minor, 2007).  Images are taken between

rounds of milling to remove a thin layer, generating a series of images that constitute

a three-dimensional volume.  The great precision with which the ion beam can be

moved across the sample allows for arbitrarily thin slices between images meaning

that datasets can have higher Z-resolutions than ssTEM and SBFSEM.  Users have

also  found  that  they  are  able  to  image  samples  that  have  been  prepared  for

conventional TEM using FIBSEM due to the fact that they can use long dwell times

to compensate for the relatively low contrast (Knott et al., 2008).  The disadvantage

of FIBSEM is that as the area to be milled increases the time for milling increases,

which affects the overall  data collection rate.  The process also requires that the

microscope be re-focussed every time a slice is taken, which increases the chance

of imaging problems during a run (Xu et al., 2017).



1.5.2 Serial Block Face scanning electron microscopy

Serial  block face scanning electron microscopy is known by many abbreviations,

including SBEM and SBSEM, but for the purpose of this review we will use the term

SBFSEM.  The  basic  SBFSEM  machine  uses  a  microtome  that  sits  within  the

chamber of an SEM to remove thin slices of the embedded sample (figure 2).  The

top of the block face is imaged before the sample is cut at a specified depth by the

microtome,  revealing  a  new block  face,  which  is  again  imaged and the  process

repeated.  The first example of a microtome that fit within an SEM was described by

Leighton in 1981 (Leighton, 1981).  Leighton built a fully working microtome that was

able to cut a thin section of resin which could be imaged in the SEM.  However the

technique was limited at the time, both because the non-conductive samples had to

be carbon coated in between sectioning to reduce charging (Biazik et al., 2015) and

because computers at the time lacked the power required to work with the large

numbers of digital images that could be generated (for context: in 1981 Microsoft

released MS-DOS, their first operating system).  Denk and Horstmann revisited the

concept years later and fit their microtome inside an SEM with a variable pressure

chamber that could introduce a small amount of water vapour into the system (Denk

and  Horstmann,  2004).   Adding  water  vapour  reduced  sample  charging  during

imaging, allowing the visualisation of non-conductive samples without the need for

coating  between  slices.   The  Denk  and  Horstmann  microtome  was  eventually

commercialised to become the 3view™ (Gatan, UK).  The 3view™ is designed to

replace the standard door of any donor SEM that can fit the microtome under the

beam.  As the benefits of  in  chamber microtoming have become more apparent

other manufactures have developed competing systems.  In 2014 FEI (now Thermo

Fisher  Scientific)  announced  the  Teneo  Volumescope™  (Korkmaz,  2016).   The

Volumescope is still relatively new in the field however it has been utilised in several



recent studies  (Ghosh et al., 2018; Hussain et al., 2018; Parkyn Schneider et al.,

2017; Wang et al., 2018).

SBFSEM has several advantages over other 3DEM techniques.  Firstly, compared to

FIBSEM (the milling process of which can be very time consuming), the process of

cutting  the  sample  using  the  in-chamber  microtome between  images  takes  only

seconds.  As a result the primary factor in determining how long it takes to collect a

dataset is simply how long it  takes to scan each individual pixel for each image,

making runs quicker.  The knife can also quickly remove a greater volume of material

than the ion beam of the FIBSEM, meaning that larger volumes of tissue can feasibly

be scanned (figure 3).   Both techniques can reach a minimum X,Y pixel  size of

around 3-5nm (Daum et al., 2017; Feeney et al., 2018) however voxel size in the Z-

direction is at best 20nm in SBFSEM (Chen et al., 2017) (a limit set by the cutting of

the knife) whereas FIBSEM allows the milling of arbitrarily thin sections.  Compared

to ssTEM, both FIBSEM and SBFSEM sacrifice ultimate resolution in exchange for

greater ease of use and reliability: both block face techniques allow the user to leave

the microscope on ‘autopilot’ once a run has been initiated (assuming there are no

problems encountered with cutting/milling or imaging), and thus the total work hours

needed to  produce a  complete  dataset  are  vastly  reduced.   Techniques can be

combined  to  ascertain  information  at  different  resolutions,  for  instance  electron

tomography is highly complementary to SBFSEM.  It is possible to image the same

sample using SBFSEM along with electron tomography in order to get information

across many length  scales  (Godwin  et  al.,  2017).   Problems with  the  technique

include the fact that that the resin-embedded block is irradiated with damaging high-

energy electrons, leading to imaging issues and problems with knife cutting.  The

process is also inherently destructive, and as mentioned earlier the slice thickness is

limited  to  20nm,  which  limits  the  ultimate  Z-resolution.   For  an  overview  and



comparison  of  the  aforementioned  techniques  see  (Peddie  and  Collinson,  2014;

Webb and Schieber, 2018).

SBFSEM has been used to examine the structure of cells and tissue at many length

scales.  At the larger end of the scale the technique was used to image and model

the entire silk spinneret system, including glands, nerves and other tissues, of  a

tanaid crustacean  (Kaji  et al.,  2016).   Structures which are dozens of microns in

length such as axons (Kornfeld et al., 2017) and entire collagen fibrils (Svensson et

al., 2017) can be imaged as well as large populations of cells in one automated run

(Pollreisz et al., 2018; Salo et al., 2018).  At the level of whole cells, SFBFEM has

been  used  to  image  whole  glomerular  podocytes  (Lausecker  et  al.,  2018) and

parasitic T. brucei cells (Hughes et al., 2017).  On the subcellular level, studies have

utilised SBFSEM to examine the ultrastructure of many cell components.  A recent

study examined the morphology of carnivorous plant nuclei in order to examine novel

membrane  extensions  (Plachno  et  al.,  2017).   Sub-nuclear  structures  such  as

individual chromosomes  (Chen et al.,  2017) and the mitotic spindle  (Nixon et al.,

2017) have been imaged and modelled.  At the nanometer scale, SBFSEM is able to

resolve structures such as vesicles  (Chuang et al.,  2015), T-tubules  (Pinali et al.,

2013) and the cristae of mitochondria (Vincent et al., 2016).  These examples are not

exhaustive and rather are provided to show a broad cross-section of recent research

and illustrate that SBFSEM is a versatile and in-demand technique.  Advances in

technology,  whether  they are specific  to  SBFSEM or  more broadly effective,  will

mean that the capabilities of  this technique will  only increase over time, and the

boundaries of what is possible both at the small and large ends of the scale are

being pushed constantly. 



2 Technical Procedures of SBFSEM

There are several stages of sample preparation and setup that take an SBFSEM

sample from an area of living tissue to a set of voxel intensity values stored on a

computer.   The most common sample preparation involves immersion in various

liquid fixatives and stains.  Firstly, the tissue must be fixed in an aqueous solution of

formaldehyde  and  glutaraldehyde.   To  ensure  adequate  fixation  and  stain

penetration, the tissue must be in sufficiently small pieces (1mm cubes).  Several

steps of heavy metal stains are then performed to enhance the contrast of the tissue

when viewed in the electron microscope.  The sample is then embedded in resin

which is cured before the block is further shaped and polished in order to fit in the

chamber  of  the  microscope  and  aid  in  the  alignment  of  the  in-chamber

ultramicrotome.   Imaging  settings  are  selected  and  a  ‘run’  can  begin.   After  a

successful run, the collection of images is processed computationally as desired and

a 3D dataset is produced.  Subsequently, data analysis and image segmentation is

performed.   This  review  shall  break  down  important  parts  of  this  process  and

describe particular areas of challenge, deviation of technique and innovation.

2.1 Sample preparation

In a standard TEM preparation an  en-bloc osmium stained sample can be stained

with uranyl  acetate and lead citrate  (Reynolds, 1963) after sectioning in order to

enhance  contrast.  However  this  is  not  possible  within  the  vacuum  of  the  SEM

chamber  and  thus  for  SBFSEM the  sample  must  be  contrasted  before  imaging

begins.   Modern  protocols  are  based  on  a  procedure  developed  by  Deerinck

(Deerinck et al., 2010b).  The protocol is based on the rOTO stains developed in the

1980s  (Willingham  and  Rutherford,  1984).   Post-fixation,  multiple  en-bloc heavy

metal stains - osmium tetroxide, uranyl acetate and lead aspartate - are used to



greatly increase the metal concentration within the tissue providing contrast.  The

first,  of  two,  osmium incubations uses reduced osmium, which encourages more

membrane/lipid staining.  Osmium will mainly bind to C=C bonds in unsaturated fats

(Khan et al., 1961), providing a strong membrane stain.  Subsequently adding the

mordant  thiocarbohydrazide,  which  binds the  osmium left  by  the  first  incubation,

allows the binding of further osmium in a subsequent incubation therefore enhancing

the stain (Seligman et al., 1966).  The uranium and lead salts both bind a range of

cellular components with different affinities and further enhance the overall contrast. 

The  original  ‘Deerinck’  protocol  is  a  good  starting  point  for  SBFSEM  sample

processing,  however  it  works  best  for  lipid  rich  tissues such as  brain.   In  other

tissues  groups  have  been  experimenting  by  tweaking  the  protocol  in  order  to

optimise staining for specific biological materials.  For example at Manchester we

have changed the mordant to tannic acid in order to enhance staining of samples

rich in extra-cellular matrix components  (Starborg et al., 2013).  The use of uranyl

acetate  in  EM  is  becoming  increasingly  difficult  as  governments  and  research

laboratories have moved to introduce stricter regulations on the use of radioactive

materials.  Work has examined replacing the uranyl acetate used in SBFSEM with

lanthanides  in  order  to  retain  contrast  whilst  avoiding  having  to  deal  with  these

regulations  and  it  was  reported  that  the  use  of  the  lanthanides  samarium  and

gadolinium generally improved contrast and reduced sample charging (Odriozola et

al., 2017).  The requirement for large amounts of heavy metal staining has made

groups re-visit  stains that were developed during the high voltage period of EM,

when people experimented using mega electron volt (MeV) microscopes  (Glauert,

1979).  Chris Hawes (Oxford Brookes, UK) has successfully imaged archived root tip

samples  that  had  been  prepared  with  very  long  incubations  in  Zinc  iodide

(Kittelmann et al., 2016).



Current staining protocols generally work well with most samples, but they are not

perfect.  Three general problems with current protocols are: stain penetration, the

fact  that  the  protocols  take a  long time (generally  a  week),  and imperfect  initial

fixation.  For small samples the stain penetration may not be an issue, but for groups

wanting  to  stain  whole  brains  there  is  a  need  for  thorough,  even  staining.   By

delaying  the  reduction  of  the  osmium  (Hua  et  al.,  2015),  or  by  using  a  smaller

mordant  such as  pyrogalol  (a  small  precursor  of  tannic  acid)  (Mikula  and Denk,

2015) the stain penetration increases from a few hundred micrometers to several

millimeters.   Regarding the time needed for sample processing, most of the current

embedding and staining protocols take nearly a week because of the large number

of long incubations needed.  Webb and Schieber have been working to increase the

speed  of  staining  and  embedding  by  using  microwave  energy  to  speed  up  the

staining  steps  (Webb  and  Schieber,  2018).   Through  the  use  of  low  energy

microwaves they are able to embed the sample with an SBFSEM-suitable heavy

metal stain within a single day.  

Finally regarding fixation; currently, SBFSEM samples are fixed chemically using a

mixture of aldehydes, a process which may take several minutes depending on the

rate  of  infiltration.   Aldehyde  fixation  is  well  known  for  causing  changes  in  cell

morphology (Mazzone et al., 1980; Schultz et al., 1957; Szczesny et al., 1996) and

for allowing enzymatic processes to continue whilst the fixatives penetrate the tissue

(Kellenberger et al., 1992).  Cryofixation is advantageous in this respect as when

done correctly it halts cellular processes and preserves tissue ultrastructure (Saga,

2005).  Standard cryofixation protocols are unsuitable for SBFSEM as the resultant

heavy metal staining levels are sub-optimal to provide contrast.  There have been

several studies which examine ways to modify cryofixation protocols to rectify this.



Webb and Schieber have shown that it is possible to adapt the Deerinck protocol to

work in acetone and methanol following high pressure freezing  (Webb and Webb,

2015; Webb and Schieber, 2018), and another recently developed technique, the

CryoChem method (CCM), utilises the rehydration of cryofixed samples, allowing en-

bloc staining which is suitable for SBFSEM (Tsang et al., 2018).  CCM also facilitates

diaminobenzidine (DAB) staining (previously impossible with cryofixation techniques

and discussed subsequently in section Targeted staining) and enhances the ability

to perform correlative light-electron microscopy (CLEM) on cryofixed samples (CLEM

is discussed in section Correlative SBFSEM).  It utilises a protocol that combines

cryo- and chemical fixation by using a mixture of chemical fixatives during freeze-

substitution following cryofixation.  The sample is then gradually rehydrated using a

series  of  acetone  solutions  suitable  for  en-bloc staining,  DAB  labelling  and

fluorescence microscopy.  Despite limitations (such as the potential for damage due

to ice crystal formation and restrictions on sample size) cryofixation techniques show

promise for expanding the capabilities of block face electron microscopy.

2.2 Targeted staining 

Standard  staining  techniques  for  SBFSEM,  like  most  EM  techniques,  produce

contrast based on the relatively non-specific binding of heavy metal salts.  These

methods excel when imaging large areas of a sample at high resolution, however if

the intention is to locate a specific protein of interest then the fact that all cellular

components  are stained can make life  difficult.   Within  the EM field  there are a

variety  of  techniques  that  can  be  used  in  order  to  localise  proteins  of  interest,

however SBFSEM cannot utilise any technique where specific staining occurs after

the section has been taken  (Biazik et al., 2015).  In order to localise proteins with

more  accuracy  en-bloc  immunological  labelling  with  nano-gold  particles  can  be

performed before the staining process begins (Robinson et al., 2000).  The epitope

file:///C:%5CUsers%5CDavid%5CAppData%5CLocal%5CTemp%5CSmith_Starborg_Tissue_and_Cell_2018.docx#_Targeted_staining
file:///C:%5CUsers%5CDavid%5CAppData%5CLocal%5CTemp%5CSmith_Starborg_Tissue_and_Cell_2018.docx#_Correlative_SBFSEM


of interest is targeted with a primary antibody and the secondary antibody is labelled

with a small (1.4nm) gold particle.  The gold particle’s small size reduces the need

for significant membrane disruption, which would be seen as gross damage within

the  electron  microscope.   However  the  gold  particle  needs  enlarging  via  silver

enhancement before it can be visualised by SBFSEM (Biazik et al., 2015).  DNA can

be selectively stained using the NAMA-Ur method which utilises the extraction of

RNA and phosphoprotein phosphate groups as well as the blocking of carboxyl and

amino groups to ensure that applied uranyl can only bind DNA  (Testillano et al.,

1991).  This method was successfully used in the interrogation of nucleic chromatin

architecture using SBFSEM (Rouquette et al., 2009).

A number of  localisation  techniques take advantage of  the  precipitation  of  DAB.

Horseradish  peroxidase  (HRP)  can  be  attached  to  the  target  (for  instance  via

immunohistochemical  staining  or  genetic  modification)  before  the  sample  is

incubated with DAB and hydrogen peroxide.  The DAB is then precipitated in the

presence of the peroxidase.  A brown precipitate is formed which is visible under the

light microscope and can be seen by EM following staining as the precipitate binds

osmium (Hanker, 1979).  HRP has been used in EM for many years and has been

successfully used in serial block face imaging to visualise specific regions of cells,

such  as  following  KDEL  targeted  HRP  transport  through  the  ER  network  of

transfected cells  (Puhka et al., 2012).  The advantage of HRP staining is that the

reagents are readily available and are easy to use; however the DAB precipitation

tends to spread from the point where the HRP is located and the stain may mask

underlying  features.   A  set  of  protein  tags  have  been  created,  which  are  both

fluorescent and able to generate an electron dense stain.  In 2011 miniSOG (singlet

oxygen generator) was shown to be able to fluoresce and that whilst doing so it

could generate reactive oxygen species  (Shu et al.,  2011).  The reactive oxygen



species could then be used to precipitate DAB (Boassa et al., 2013).  The only down

side with the need for light activation was that the protein could not be localised by

EM deeper than the fluorescence could be visualised.  A different protein tag is an

engineered  ascorbate  peroxidase  (APEX),  which  was  able  to  fluoresce  and

precipitate DAB for EM localisation  (Martell et al., 2012).  The peroxidase reaction

works in a similar fashion to HRP, but the DAB appears to spread less producing a

more specific localisation.  The APEX molecule is being used in a variety of research

to track labelled proteins by light microscopy and EM (Lee et al., 2016).

2.3 Imaging the block face

The processed samples may be surveyed in the microscope using the backscattered

electron  detector  in  order  to  locate  target  areas.   Before  surveying,  the  resin

embedded samples are generally cut to around 1mm and mounted on aluminium

pins.  The samples can be smoothed using a conventional ultramicrotome and a

diamond knife in order to optimise imaging, and the samples are often imaged at this

point in order to assess tissue composition, preservation and stain quality.  Once the

face of the sample has been cut down to a suitable size (around 0.5x0.5mm for the

automated imaging stage), the sample can be placed in the microscope and aligned

to the knife, a process which involves ensuring that the knife will cut the sample as

desired and bringing the sample block face to the cutting plane (this must be done

with great care to avoid damage to the sample or the expensive diamond knife).  The

sample  is  mounted  so  that  the  freshly  cut  block  face  is  pointing  directly  at  the

microscope pole piece.   The imaging cycle  involves scanning the electron beam

across the surface of the block in order to generate an image with contrast derived

from the signal  of  backscattered electrons which are deflected from the electron

beam to a detector by the heavy-metal atoms bound to the biological material (figure



4).  During imaging the knife is parked off to one side so that it does not interfere with

the data collection (figure 2A-C).  During the next step the knife is brought across

between  the  sample  and  the  microscope  pole  piece  where  the  back  scattered

electron detector is mounted (figure D-F).  In order to get the best image quality the

shortest  working distance (the distance between the sample and the detector)  is

needed, but this is restricted by the need to pass a knife between the detector and

the sample.  By precisely controlling the height of the sample during cutting it  is

possible to adjust the amount of the sample that is removed as the knife passes

across the surface and specify the slice thickness and therefore the final Z-direction

resolution of the resulting dataset.  Once the section is cut the knife moves back to

the safe position and a new image is collected.  This cycle continues automatically

with no need to refocus, as the sample working distance remains constant as this is

set by the knife cutting position.

2.4 Imaging and charging

In order to take an image, the microscope needs to detect the signal strength at

regularly-spaced physical points on the sample face which correspond to the pixels

of  a  digital  image.   The  signal  strength  is  determined  by  the  amount  of  back-

scattered electrons (BSE) that reach the BSE detector (figure 4).  BSE are primary

electrons from the main beam which interact with the sample and are then deflected

back towards the detector, which sits below the pole piece of the microscope (Lloyd,

1987).  Primary electrons which are incident on the sample surface interact with the

atoms of the sample in nearly-elastic scattering events which can cause deflections

in the angle of the primary electrons, resulting in some escaping the sample and

being detected as BSE.  The probability of a primary electron being back-scattered is

increased  by  the  presence  of  heavy  metal  atoms  in  the  sample  (Bozzola  and



Russell).   Primary electrons are high energy electrons and the scattering events

cause many lower energy secondary electrons (SE) to be produced which are also

detectable  and  are  used  to  generate  typical  biological  SEM  images.   SE  are

electrons that originate from the sample and are knocked out of their orbitals by the

primary electrons.  SE are low energy and are quickly reabsorbed by atoms in the

sample.  As a result the only SE electrons that escape to form the image are those at

the very top of the sample surface.  BSE, however, are of a much higher energy and

as a result can undergo many scattering events at a depth within the sample and still

be detected (figure 4).  Therefore BSE images give information about the atomic

constitution of  sample material  that  is  below the surface.   The depth  of  primary

electron penetration and BSE detection is dependent on the energy of the electron

beam and the constitution (atomic weight, density, crystal structure) of the sample.

This  means  that  the  primary  beam energy  can  be  altered  in  order  to  ascertain

information  from  different  depths.   Resultant  images  will  contain  overlapping

information and therefore require computational deconvolution such as described in

this paper (de Goede et al., 2017).  This multi-energy deconvolution technology has

been commercialised by Thermo Fischer in the form of the Teneo VolumescopeTM.  

During imaging the electron beam is focused to a point that is smaller than the pixel

size.  The beam is left at this point for a number of microseconds (a period known as

the dwell  time) and the signal  intensity  is  measured by the BSE detector.   BSE

detector signal intensity will become the pixel intensity at the first point in the image.

After the dwell time has passed the scan coils then move the beam by 1 pixel length

and the process is repeated as the beam is moved across the block face in a raster

pattern, generating an image.   The sample is cut by the knife at the specified slice

thickness and the process repeats.  During imaging secondary electrons may be

generated at a faster rate than they are removed which can cause magnetic fields to



be generated which act as localised lenses causing distortions in the images and

severely reduce image quality.  Secondary electrons can also contaminate the BSE

detector  signal  if  sufficient  charge builds up.   In a highly conductive sample (for

example one with an abundance of well-stained material) the charge produced in the

sample will travel to the earth via the stage and prevent charging artefacts.  However

with non-conductive samples (such as those with lots of empty resin, which is not

conductive) more effort has to be used to remove the charge build up.  The main

method to reduce SE production is to reduce the primary beam power (current and

voltage), reduce beam dwell time, or to add a charge reducing gas by increasing the

chamber pressure in variable pressure systems (operating in ‘low vacuum’ mode).

High vacuum imaging allows for higher resolution images but is rarely feasible due to

charging build-up.  Highly innervated tissue such as that of the brain and nerves can

be  imaged  at  high  vacuum  more  easily  than  other  tissue  without  any  special

preparations due to its relatively high inherent conductivity when stained with heavy

metals  (Deerinck et al., 2010a; Kornfeld et al., 2017; Pipkin et al., 2016; Sai et al.,

2017).

The electron dose not  only  adversely affects imaging but also the cutting of the

sample via the in-chamber microtome.  The electrons moving around the sample as

the beam is scanned across the surface can cause chemical bonds in the resin to

become broken, which weakens the resin  (Longiéras et al., 2006).  This limits the

total electrical dose that can be used to image a sample, as the weakened resin

exhibits much poorer cutting properties and is prone to cutting problems.  Typically,

damaged resin is observed to the microscope operator as ‘chatter’ – where the knife

repeatedly skips across the cutting surface destructively, reducing image quality.  It

may also be seen as ‘cut and skip’, wherein the resin is softened and is compressed

by  the  knife  rather  than  cut.   With  softened  resin  the  sample  may  only  be



successfully cut once every several images.  It is not uncommon to observe both

these artefacts at  separate points on an image stack, especially in samples with

areas of varying conductivity.  

Problems due to charging can limit image quality and have the potential to ruin entire

datasets.   As  a  result,  research  is  ongoing  into  ways  to  reduce  these  issues.

Research has examined the use of sample stage bias to reduce the beam-landing

energies of the main beam electrons in SBFSEM.  This technique has been known

to improve SEM BSE imaging  (Ohta et al.,  2012).  Bouwer et al.  (Bouwer et al.,

2017) observed that applying a negative sample stage bias reduced beam landing

energies,  reduced  sample  damage  and  increased  BSE  signal-to-noise  ratio  by

accelerating BSE towards the BSE detector above the sample.  In conjunction with a

special  BSE detector they were also able to alter  the trajectories of primary and

secondary electrons and control beam penetration depth.  Artefacts such as drift and

astigmatism  were  observed  however  the  researchers  believe  that  these  can  be

addressed with more research.

Ohno and  co-workers  have  experimented  with  creating  conductive  resins  to

decrease charging and had success with the conductive carbon black filler Ketjen

black  (Nguyen  et  al.,  2016).   They  established  that  conductive  resins  reduce

charging in the sample and also that reduced charging equates to better imaging and

cutting.   A  difficulty  we  have  noted  when  experimenting  with  Ketjen  black  at

Manchester is that the conductive resin blocks are the same colour as the stained

samples, which means that more care must be taken to  identify the locations of

samples during trimming and mounting.  Silver has also been successfully deployed

as a conductive resin component in a study which utilised SBFSEM to reconstruct a

zebrafish  olfactory  bulb  (Wanner  et  al.,  2016).   The  authors  observed  that  the



sample exhibited high conductivity and were able to image a previously charging

sample at high vacuum with 25nm cut thickness.  

Another approach to reducing charging is to add conductive material  to the resin

surface inside the microscope chamber during imaging and cutting cycles.  Titze and

Denk have experimented  with  fitting  an electron  beam evaporator  into  the  SEM

chamber (Titze and Denk, 2013) in order to coat the sample with conductive material

between cuts.  It was demonstrated that a 1-2nm film of palladium deposited onto

the block between imaging rounds improved various aspects of imaging with only

minor drawbacks.  Another powerful technique detailed in a recent study features the

creation of a small  device that attaches to the 3view™ microtome and disperses

nitrogen gas over the sample surface  (Deerinck et al.,  2018) in a method called

Focal Charge Compensation.  Secondary electrons created during imaging ionise

the nitrogen molecules which then neutralise charging (L. et al., 1997).  Targeting the

gas at the block face allows the pressure in the rest of the chamber to be near to

high vacuum, minimising the deflection of electrons in the beam by particles in the

air.   Focal  Charge  Compensation  facilitated  the  imaging  of  previously  difficult

samples  at  near  high  vacuum  and  also  allowed  for  high-resolution  imaging  of

samples which had been stained in preparation for conventional TEM.  This opens

the door for SBFSEM to be performed on archival tissue bank samples that were

originally prepared for TEM.

2.5 Correlative SBFSEM 

The objective of correlative imaging is to allow for the location of the same region of

interest  (ROI)  across  different  imaging modalities  in  order  to  gain  information  at

different  length  scales.   The  concept  of  using  correlative  techniques in  order  to



visualise features first by light microscopy and then by electron microscopy is being

increasingly used with a serial block face approach (Armer et al., 2009; Knott et al.,

2009; Puhka et al.,  2012).  In practice transferring between light microscopy and

electron  microscopy  is  often  troublesome  and  there  have  been  many  different

techniques developed over  past  decades.   Correlative procedures for  block face

imaging  techniques  incorporate  such  methods  as  immunohistochemical  staining

(Sonomura et al., 2014), X-ray imaging (Bushong et al., 2015) and the use of fiducial

markers near to the ROI (Maco et al., 2013).  For cells in culture it is possible to grow

the cells onto an etched coverslip to aid registration.   The etching can be visualised

in the light microscope and the same region can be found on the top of the resin

block following embedding before  trimming  (Booth et  al.,  2013;  Samejima et  al.,

2018).  Fiducial markers can also be created whilst imaging using light microscopes

via the use of high energies to create markers in the resin  (Bishop et al.,  2011).

Near-infra red branding is based on the use of a two-photon microscope and was

first used to correlate confocal imaging and SBFSEM in 2015 (Urwyler et al., 2015).

The ROI is detected using the microscope before the beam energy of the laser is

increased as to burn the sample within micrometers of the desired location.  The

edges of the burn are fluorescent and the mark can be located post-en-bloc staining

as it will not take up any heavy metal stain.  A detailed protocol for this method can

be found here (Lees et al., 2017).

DAB can be utilised for SBFSEM such as in this (Ou et al., 2015) method wherein

the DAB-oxidising protein MiniSOG is applied to a viral protein and the resulting DAB

polymer can be produced via photo-oxidisation and viewed via SBFSEM following

en-bloc staining.  Attempts at correlative fluorescence and electron microscopy can

be limited by the fact that EM staining procedures render samples opaque to light.

Furthermore  fluorescence  is  often  lost  during  the  EM  staining  and  embedding



process,  however  modified  protocols  have  been  developed  that  allow  for  their

retention and subsequent imaging (Bell et al., 2013; Peddie et al., 2014).  This allows

for the imaging of TEM sections via fluorescence microscopy; however this process

is  difficult  to  transfer  to  the  block  face  EM techniques  as  the  sections  are  not

preserved  during  imaging  and  cannot  be  retrieved.   The  Collinson  group  has

developed a small fluorescence microscope that clips to the knife of the 3view™and

fits inside the microscope chamber in order that light microscope images can be

collected alongside the EM data as the sections are cut (Brama et al., 2016).  This

mini-microscope  is  designed  to  be  retrofitted  to  SBFSEMs  and  facilitates  the

collection of fluorescence microscopy images in between imaging/cutting cycles.  X-

ray microscopy is also applicable for correlative imaging, such as described in this

paper (Bushong et al., 2015), wherein several methods are tested, such as the use

of DAB photo oxidation to correlate markers in X-ray and SBFSEM images.  A good

place to learn more about the general concepts of CLEM would be (Muller-Reichert

and Verkade, 2014).

3 Image Analysis Procedures

A benefit  of  the  SBFSEM system is  the  ease  with  which  it  can  generate  large

detailed datasets, but this also presents its own problem.  Interpreting the data is far

more complex than learning to recognise the individual organelles.  Whilst complete

datasets  can  be  very  visually  impressive,  for  scientific  purposes  it  is  typically

necessary  to  perform  some  form  of  data  analysis  before  any  results  can  be

ascertained.  Typically this data analysis comes in the form of segmentation – the

process of assigning voxels to user-created structures – or in the form of quantitative

measurements by a method such as stereology.  There are several commercial and



freeware software packages available that are commonly used for SBFSEM data

processing  and  their  capabilities  are  constantly  improving,  with  an  emphasis  on

developing automated methods of segmentation that make the process less time

consuming.  A good place to start learning about image analysis of EM volume data

sets are  (Cocks et al.,  2018; Tsai et al.,  2014), but here we will  run through the

general concepts.

3.1 Segmentation

Segmentation is the process of assigning pixels to objects, giving them a ‘label’.  In

the case of SBFSEM the pixels are actually 3D voxels.  Segmentation allows for the

visualisation of important structures and interactions that lie within often complicated

datasets.   Segmentation also allows for quantitative measurements such as size,

number and relative position to be performed.  Presently, segmentation is performed

both manually by trained scientists and automatically by computer algorithms that

have  varying  degrees  of  human  guidance.  Despite  ever-increasing  amounts  of

computational aide, segmentation still has a deserved reputation as a mostly labour-

intensive and time consuming process.

Basic  thresholding  is  segmentation  at  its  simplest.   A  threshold  value  of  voxel

intensity is selected by the user and all voxels with an intensity above and equal to

the intensity value are assigned to an object.  This works particularly well when most

of the sample has low stain content but a selective stain highlights the region of

interest, such as lanthanum dysprosium staining of the glycosaminoglycan within the

kidney glomeruli  (Arkill  et  al.,  2014),  by  staining  individual  neurons with  biocytin

(Lang et al., 2011), or where staining is low in t-tubules compared to the surrounding

cardiac cells (Pinali et al., 2013).  These approaches can be used to quickly gain an



appreciation of the overall disorder within a volume of data (Pingel et al., 2014).  The

thresholded data can be used to generate models that can be interrogated, or it can

be used for simple visualisation of the 3D arrangement of selected features.

Manual segmentation is any segmentation where a human user assigns pixels to

objects individually.  This often occurs in the form of tracing, with a mouse or touch-

sensitive screen used to ‘paint’ labels onto the 3D stack of images (an example of

manual  segmentation is  shown in  figure 1C where the chromosomes have been

manually traced in IMOD (Kremer et al., 1996)).  In many cases with a little training it

is possible to segment most data with a reasonable degree of accuracy.  Manual

tracing can be tedious, but the time spent looking at the images often reveals detail

that  would previously  have been hidden.    This  process can be made faster  by

techniques such as interpolation (where every nth image slice is segmented and a

computer  interpolation  algorithm  fills  in  the  blank  slices  based  on  the  manually

segmented  images)  (Holcomb  et  al.,  2013;  Kornfeld  et  al.,  2017).   Manual

segmentation can itself be computer-aided, with tools such as ‘magic wand’ brushes

and  superpixel-based  tools  such  as  those  provided  by  software  packages  like

TrakEM2 in Fiji  (Cardona et al.,  2010),  MIB  (Belevich et al.,  2016) and SuRVoS

(Luengo et al., 2017).  

3.2 Trainable algorithms

Since manual segmentation often requires large amounts of human time and effort,

and that it is a possible source of bias, bioimage analysts go to great lengths to try

and  automate  segmentation  as  much  as  possible  via  the  creation  of  image

segmentation algorithms, which attempt to segment images based on user-defined

or pre-existing criteria.  Several algorithms exist which segment images based on



information garnered by analysing images which have been manually segmented by

humans.  Fully automated segmentation is problematic and we are still  at a level

where it is generally not applicable for most purposes (this is not for want of trying;

many groups put a lot of effort into exchange of ideas and training to improve image

analysis procedures, such as (NEUBIAS)).  However, progress is being made and it

is not unreasonable to hope that in the coming years that algorithms will have the

power to deal with a host of 3DEM image analysis requirements.

A  recent  paper  demonstrates  a  MATLAB  (MathWorks)  program  that  will  define

cardiac cell structure based on rough segmentations performed by users at regular

slice  intervals  (Hussain  et  al.,  2018).   Groups  have  experimented  with  tracing

individual nerve fibres in a large dataset based on a single manually segmented slice

(Kreshuk et al., 2015).  By restricting the tracking to a specific question it is possible

to generate algorithms that can be used to trace features through the volume, such

as tracking the path of thousands of collagen fibirls in a volume of developing tendon

(Almutairi et al., 2015).  The users here were computer scientists who wrote specific

software  in  order  to  work with  this  particular  data set,  something  which  a lot  of

scientists do not have the ability or resources to achieve.  There are options for

automated segmentation in the previously mentioned image segmentation programs,

for example software such as MIB, using Simple Linear Iterative Clustering (Achanta

et  al.,  2012) and  Fiji  using  Weka  (Arganda-Carreras  et  al.,  2017) now  offer

opportunities for scientists to utilise less specific trainable algorithms.  By defining a

few voxels that belong to the object of interest along with a few voxels that are not

the object of interest (often as simple lines drawn across the image) the software will

find what is calculates to be analogous regions based on the user specification.  By

repeatedly checking the model produced and tweaking the user input the classifier

generated by the algorithm can be refined and improved.  The downside to this semi-



automated  approach  is  that  in  complex  volumes  it  can  be  harder  to  check  the

accuracy of the selection, especially in the middle of the volume.  The time taken to

find the best filter for a particular data set and the potential need for different filters to

pick out different organelles can put people off if they are used to getting immediate

and  accurate  traces  via  manual  segmentation.   However  the  semi-automated

methods work across larger volumes with each iteration and so the user will  see

larger trends more quickly than via the tracing of each section individually.  Often the

settings options for these programs, for example FIJI’s WEKA segmentation plugin,

rely  on  reasonably  advanced  mathematical  terminology  and  lack  explanation,

making it difficult for those with a biological background to understand and use them.

The best method of training an automated segmentation algorithm is to train it with

datasets that have been manually segmented by multiple users in order to minimise

bias.  However many smaller groups do not have resources to manually segment all

of their own data sets, let alone segment data that has already been segmented so

that software can find the few voxels that differ.  A potential answer to this issue (as

well  as the issue of  how to segment  large volumes in  general)  is  to  use crowd

sourcing, for example through scientific outreach approaches like ‘citizen science’ in

the UK (Zooniverse).   The issue now becomes one of how to train the user in order

that  you  trust  their  tracing  and  how  to  retain  the  trained  users  by  making  the

experience enjoyable.  Groups have experimented with creating games where users

fly through the volume (for example  (Eyewire), or  (Brainflight)), or making the task

simple.  Such as showing an image with 2 points in it and asking the user if they

represent the same feature (Giuly et al., 2013).  Most data produced in SBFSEM is

used only to answer one or two biological questions and thorough analysis is not

performed.  As each dataset is rich with information that could be useful to users with

other interests and for the training of algorithms.  It has therefore been suggested



that the public archiving of this data would be advantageous, allowing users to apply

these algorithms to vast quantities of old data (Patwardhan et al., 2014).

3.3 Stereology

Stereology  facilitates  a  more  statistical  approach  to  data  analysis.  A  few recent

papers  have  used  SBFSEM  to  look  at  the  relative  volumetric  proportions  of

organelles, for example comparing mitochondrial content in astrocytes and axons (Ju

et al., 2015), or measuring synapse distribution along an axon (Salloum et al., 2014).

They completed these measurements by manually tracing the volumes of interest

and  running the  mathematics  on  the  data  produced,  however  a  simpler  method

would  have  been  to  examine  the  data  using  a  stereological  approach,  such  as

assessing  the  change in  synapse density  following prion  infection  (Peretti  et  al.,

2015).  The general concept is that by examining very small regions the data spread

throughout the volume it is possible to gain quick estimates of organelle parameters.

Lucocq et al  estimate that to generate accurate estimates of organelle parameters

“less than one thousandth” of the total volume of a 3D dataset needs to be examined

with  a stereological  approach  (Lucocq et  al.,  2015).   The mathematics  can look

daunting, but the concept is sound and, whilst it is always impressive to see beautiful

3D  reconstructions,  sometimes  the  question  is  better  answered  with  statistical

methods.   For  these  sorts  of  questions,  for  example  if  a  certain  treatment  has

resulted in a cell having more of a certain organelle, a stereological approach makes

sense as large data sets can be compared quickly and reproducibly.  The ability to

quickly analyse many datasets also allows for the quick identification of anomalous

datasets and for the assessment of statistical trends, allowing more in-depth analysis

to be saved for the datasets which best illustrate the scientific question being asked.



A good  place  to  start  learning  about  stereology  is  a  textbook  such  as  this  one

(Howard and Reed, 2004).

4 Future developments

As has SBFSEM moved from a novel visualisation technology into a well-established

tool for ultrastructural investigation, researchers have approached the limitations of

the technique from all  angles in order to  improve its capabilities and practicality.

Presently, SBFSEM stands as a technique suitable for the investigation of the 3D

ultrastructure of  cells  and tissue across a wide range of sizes and constitutions.

Researchers are expanding, pushing and refining the technique from all directions;

imaging bigger things at higher resolutions, increasing the computational capability

of image analysis tools and improving or inventing microscope components.  Recent

developments  that  reduce  some  of  block  face  imaging’s  limitations,  such  as

improved correlative capabilities, improved sample fixation and reduced charging,

will  mean that as these technologies are commercialised more powerful SBFSEM

will be available to scientists around the world.  It is not difficult to imagine that a

combination  of  the  new technologies  discussed  in  this  review will  result  in  new

SBFSEM microscopes with the capability to image bigger things in a shorter time at

a higher resolution, and that the segmentation of the resulting data will be handled

by an ever-more-powerful  array of  faithful  computational  helpers.   In  the coming

years, SBFSEM has the potential to become one of the foremost experimental tools

for the biological studies.
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Figure Legends

Figure 1: SBFSEM: non-specific stains allow imaging of the whole system at

high resolution.  A) Confocal image of a dividing  Xenopus epithelial cell.  The α-

tubulin is labelled in green and the condensed chromatin is stained with DAPI (blue).

The image only shows the location of the spindles and chromosomes B) Volume

rendering  of  a  dividing  Xenopus epithelial  cell  imaged  using  SBFSEM.   The

condensed chromatin is rendered in blue. The two centrioles are just visible at the

spindle poles coloured red.  The rest of the cell is rendered based on stain density in

white and pink.  The volume rendering mainly shows the location of the pigment and

lipids seen in the cytoplasm due to their electron dense staining.  C) SBFSEM slice

shown in B demonstrating how many more organelles can be seen due to the non-

specific  staining.   The  condensed  chromosomes  are  outlined  in  blue.   The  red

square indicates the location of one of the centrioles. Note that this is a small (54 x

50 µm) part  of  a much larger (84 x67x 142 µm) volume. D) A series of images

centred in the same x-y location as the red square in C.  Each image is 100nm

deeper into the tissue than the image above it.  The depth to the image compared

with the slice shown in C is shown top right of each image. The data for this figure

was used in a publication (Jones et al., 2014). Scale bars A-C are 10µm, D is 1µm 

Figure 2 SBFSEM cutting cycle: Serial block face scanning electron microscopes

utilise a small microtome that fits inside the scanning electron microscope with the

sample held directly below the SEM pole piece.  A and D show an image taken using

the  internal  CCD mounted  in  our  Quanta  250  FEG with  the  knife  in  the  image

position (A), or the cut position (D).  The image has been annotated using (Inkscape)

and the annotation is shown in B and E.  The SBFSEM procedure builds up a three-



dimensional data set by repeating a cycle of cutting followed by imaging of the newly

exposed block face. In the first part of the cycle (C). The SEM is used to scan the

beam across  the  surface  of  the  sample.   The back-scattered electrons  that  are

generated by the interaction of the beam with atoms in the sample are collected

using the BSED and an image is formed.  Once an image has been collected, the

knife holder passes between the back-scattered electron detector (BSED) and the

sample (D). The sample is then raised a controlled amount and the diamond knife

moves across the surface to take a thin (20-200nm) slice (F). Once the slice has

been taken the knife holder is moved out of the way so that the cycle can repeat.  

Figure 3 SBFSEM can be used to image large volumes at high resolution:   Here

a murine stapedius tendon was scanned from the myotendinous junction through the

tendon to the stapes bone (A, C and  D).  The data set was collected with 15nm

pixels and 150nm cut size in order to track collagen fibrils through the entire length of

the tendon.  The collagen fibrils are highly aligned and elongated along the tendon

long axis, so a lower resolution in Z could be used to speed up the imaging process.

The whole data stack took 7 days to collect with initial images covering 6000x6000

pixels  (90x90µm).   Deeper  into  the  sample  the  image  size  was  reduced  to

5000x5000 pixels (75x75µm). The region scanned was re-centred a few times during

the data collection in order to keep the tendon in the field of view. The overall volume

shown in E is 125x96x370µm.  The resolution was sufficient that individual collagen

fibrils can be seen in the area near to the myotendinous junction (see enlargement of

the image A in B).  Amira was used to volume render the main regions of interest in

order to show the overall volume imaged.  The three regions rendered are muscle

(red) tendon (blue) and bone (cream). The position of each example image (A,  C

and D) is shown in the volume.  Scale bars for the example images are 10µm, apart

from the enlargement (B), which is 500nm.  The volume render scale bar is 25µm,



but due to the use of perspective in rendering the volume this should be taken as an

approximation.  This  data set  was generated in collaboration with users at CFIM,

Copenhagen and was used in a publication (Svensson et al., 2017).

Figure  4:  Primary  Beam  energy  affects  the  depth  of  imaging:   The  back-

scattered electron image pixel intensity is predominantly affected by the density and

atomic number of the atoms that the beam interacts with.  Here we have used Monte

Carlo simulation (Demers et al., 2011) to simulate the interaction of the beam at 1, 3

and 5kV.  The simulation of the beam interaction with empty epoxy resin (atomic

fraction: 0.46 carbon, 0.444 hydrogen 0.096 oxygen) demonstrates how increasing

the accelerating voltage increases the penetration of the beam within the sample.

The depth of penetration in 100% Osmium, however, is much lower as the density is

far higher and the higher atomic mass of the atoms causes larger deflections of the

primary beam electrons.  It can be seen that the path that each electron takes is

apparently  random  with  some  interacting  close  to  the  surface,  whiles  others

penetrate  deeper  and are  eventually  absorbed.   The number  of  electrons being

back-scattered and thus the pixel intensity is far higher in the osmium sample than

the epoxy samples (in  these simulations,  back-scattering coefficient:  1kV epoxy=

0.087, 1kV osmium = 0.343).  In reality other factors will affect image quality, such as

detector sensitively at lower accelerating voltage.  The effect of the changes in beam

penetration  can  be  seen  in  the  example  inverted-contrast  images.   At  low

accelerating voltage the image is noisier due to lower detector sensitivity, but detail

of the Golgi complex can be made out.  As the accelerating voltage is increased the

increased depth of the beam penetration reveals underlying membranous structures

that were hidden in the low kV image (red arrows).  Scale bars are 1µm.
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