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a b s t r a c t

Correlative microscopy allows imaging of the same feature over multiple length scales, combining light
microscopy with high resolution information provided by electron microscopy. We demonstrate two
procedures for coordinate transformation based correlative microscopy of vitrified biological samples
applicable to different imaging modes. The first procedure aims at navigating cryo-electron tomography
to cellular regions identified by fluorescent labels. The second procedure, allowing navigation of focused
ion beam milling to fluorescently labeled molecules, is based on the introduction of an intermediate
scanning electron microscopy imaging step to overcome the large difference between cryo-light micro-
scopy and focused ion beam imaging modes. These methods make it possible to image fluorescently
labeled macromolecular complexes in their natural environments by cryo-electron tomography, while
minimizing exposure to the electron beam during the search for features of interest.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Vitrification of biological material provides excellent sample pre-
servation that is suitable for imaging by electron microscopy (EM).
Methods such as plunge-freezing and high-pressure freezing cause
rapid cooling and vitrification of the sample and preserve its
hydration, while lipid membrane disruption, ionic concentration
changes and protein structure alterations are prevented [1,2].
Consequently, transmission electron microscopy (TEM) imaging
of fully hydrated, vitrified samples can provide high-resolution
information about isolated molecules and complexes (cryo-EM), or
three-dimensional (3D) images of macromolecular complexes and
other cellular components with a resolution of 2–4 nm, even when
imaged within their cellular environments (cryo-ET) [3,4]. Because
structure-based identification of molecular complexes imaged
within their cellular environment is possible only for larger
complexes at the present resolution level, other approaches,
including correlative methods, are required to help with molecular
identification and cryo-EM navigation to features of interest [5].
The navigation to features of interest is also needed when vitrified
samples of 5–10 μm in thickness, such as cell cultures, have to be
thinned by focused ion beam (FIB) milling [6–8] in order to make
them thin enough (in the range of 0.5 μm) for the subsequent
imaging by cryo-ET.

The widespread use of fluorescence microscopy and the large
repertoire of currently available fluorescent probes has provided
insights into the function and spatial distribution of a large
number of proteins and has greatly advanced our understanding
of cellular processes. Fluorescence microscopy complements cryo-
ET because it allows the unambiguous identification of fluores-
cently labeled proteins. However, only a few labeled species can be
imaged simultaneously, yielding images in which the context of
labeled proteins remains invisible. The combination of light
microscopy (LM) with cryo-ET facilitates the search to features of
interest, which otherwise can involve extensive scanning, and may
allow correlation of fluorescently labeled proteins with features
visualized in cryo-tomograms.

LM imaging of vitrified samples (cryo-LM) assures that features
of interest are identical during LM and EM imaging, thus avoiding
the problem of possible alterations arising prior to and during
vitrification. This imaging mode was made possible by the devel-
opment of specialized cryo-holders mountable on standard light
microscopes [9–11]. In contrast to this modular approach, a closer
integration of light and electron imaging offers more streamlined
handling [12] or the use of higher numerical aperture objectives [13],
but requires specialized instrumentation, and is less flexible than the
modular approach.

Early applications of correlative LM and cryo-ET took advantage
of strong visual cues provided by large cellular features, which
allowed a straightforward orientation of the sample [14,15].
The lack of distinct morphological features in complex, densely
populated cell cultures requires a purely computational, coordinate
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transformation-based approach. A coordinate transformation is
established that is subsequently used to correlate coordinates of
features of interest at LM images to TEM stage coordinates or
coordinates at cryo-EM images [11,16].

Here, we continue the development of the coordinate trans-
formation based methods that correlate features of interest
identified by LM of vitrified samples to two other imaging modes.
First, we describe a more efficient method that can be used to
navigate the cryo-EM search to the feature of interest, which does
not rely on imaging special features of EM grids such as corners
between grid bars, because these can be obscured by cells grown
on the grid or by a thick layer of vitrified material. Second, we
extend our method in order to correlate cryo-LM features of
interest to FIB images that define the location where thin vitrified
lamellae are produced by FIB milling [17]. In both cases, an
improved cryo-LM stage [7] was used for LM imaging of vitrified
samples both in phase-contrast and fluorescence modes.

2. Materials and methods

2.1. Cell culture, labeling, and plunge-freezing method

Gold Quantifoil grids (R1/4, NH2 finder grid, Quantifoil Micro
Tools, Jena, Germany) were used as a substrate for BHK-21 cell
cultivation. Before use, each grid was cleaned by floating on
acetone. Then, an additional carbon coating ð � 15 nmÞ was
applied on the film side of each grid by a carbon evaporator
(MED 020, BAL-TEC). Next, grids were sterilized by UV irradiation
for 30 min and immersed in 1 mg/ml poly-L-lysine/0.1 M borate
buffer (pH 8.5) in the dark overnight. After poly-L-lysine coating,
grids were washed with autoclaved distilled water, and kept in
Ca2þ and Mg2þ free HBSS-HEPES at room temperature until used
for cell culture. BHK-21 (baby hamster kidney) fibroblast cells were
cultivated in minimum essential medium (MEM) containing Earle's
salts and L-glutamine supplemented with 10% FBS, non-essential
amino acids (NEAA), and 100 U/ml penicillin and 100 μg/ml strep-
tomycin (all chemicals are from Invitrogen). BHK-21 cells were
cultured in a CO2 incubator at 37 1C and 7% CO2. About 1.0�105

cells were seeded on EM grids placed one in each well of four-well
35 mm diameter cell culture dishes.

For mitochondrion labeling, BHK-21 cells were labeled with
Mitotracker FM green (Invitrogen) by incubating with 200 nM
staining solution for 45 min in a CO2 incubator. Cells were then
washed with pre-warmed culture medium two times. For Golgi
apparatus labeling, BHK-21 cells were incubated with 30 particles
per cell (PPC) of CellLights Golgi-GFP, BacMam 2.0 (Invitrogen) for
16 h in the CO2 incubator.

For comparative live and cryo-fluorescence, HeLa cells (passage
number 15–20) were plated on poly-D-lysine coated grids at the
density of 1.5�105 cells per plate (2 ml of media per plate). Cells
were grown in Dulbecco's Modified Eagle Medium (DMEM) þ 10%
FBS. Twenty-four hours after plating, cells were transfected with
EGFP (3 μg DNA/plate) using Lipofectamine 2000 (Invitrogen; 9 μl
Lipofectamine/plate). DNA and Lipofectamine 2000 were both
diluted in Opti-MEM. Transfection was performed according to
manufacturer's instructions. Four hours after adding the DNA/
Lipofectamine 2000 mixture, normal growth media was added
back to the plates. Cells were harvested for 48 h after transfection.

Four μl of pre-warmed fluorescent beads (Invitrogen F8887,
1 μm diameter) diluted 1:100 in HBSS-HEPES were applied to
some grids. EM grids were vitrified by plunge-freezing in a liquid
ethane/propane mixture at close-to-liquid nitrogen temperature
using a Vitrobots (FEI, Eindhoven, The Netherlands). The blotting
chamber conditions were set to 37 1C, 90% humidity, and 10 s blot
time. After plunging, excess ethane/propane mixture was blotted

from the grid placed in the liquid nitrogen surrounding the ethane
cup, by using a small piece of filter paper. Grids were stored in
liquid nitrogen until usage.

2.2. Cryo-LM imaging

Plunge-frozen grids were mounted in grid support rings (Auto-
grid™ sample holder, FEI), either in the standard type for TEM
observations, or into the support rings modified for FIB milling [17].
Grids were then loaded on the improved version of cryo-LM holder,
which offers lower contamination (and thus longer imaging times)
and is suitable for shorter working-distance LM objectives than
the original design [7]. For cryo-LM imaging after FIB-milling and
tomography grids mounted in grid support rings were removed
from TEM cartridge holders and transferred to the cryo-LM holder.
All steps were done under cryogenic conditions.

Cryo-LM imaging was performed on an Axiovert 200M (Zeiss,
Oberkochen, Germany) epifluorescence microscope, equipped with
a motorized stage (DC 120�100, Märzhäuser, Wetzlar, Germany),
CCD camera (AxioCam MRm, Zeiss), a short-wavelength mercury
lamp, and fluorescent filter sets (e.g. filter set 38 HE, Zeiss and filter
set F46-005, AHF analysentechnik AG). Z-stack images of grids were
acquired using the “MosaiX” module of the Axiovision software
(Zeiss, Version 4.9.0) with LD Achroplan 40� /0.60 Korr Ph2
objective lens (Zeiss).

Images used for comparative live and cryo-fluorescence were
acquired using identical settings for all images (20� objective lens
magnification, 500 ms exposure time, no digital gain). Z stacks
were acquired at increments below 5 μm and best focused posi-
tions were used for analysis. The integrated fluorescence inten-
sities were measured in ImageJ and were background subtracted.

2.3. Cryo-EM and ET

Grids mounted in grid support rings were transferred into the
TEM cartridge holder for Polara as described earlier [17]. TEM
imaging of vitrified samples was performed with a FEI Polara
microscope operated at 300 kV. The microscope was equipped with
a field emission gun, a 2k�2k Gatan CCD camera, a Gatan post-
column energy filter operated in the zero-loss mode and a compu-
terized cryo-stage designed to maintain the specimen temperature
below �150 1C. Tilt series were collected using FEI tomographic
acquisition software from �601 to 601 with 21 angular increments.
Pixel size was 0.71 nm at the specimen level and the defocus was set
to �8 μm.

Tilt-series were reconstructed by the weighted back-projection
method, using the free software package IMOD version 4.5.7
(http://bio3d.colorado.edu/imod/) [18]. Final alignment of the
tilt-series images was performed using the linear interpolation
option in IMOD, with a low pass filter (cut off, 0.35; sigma, 0.05).
No CTF correction was performed on either dataset. Aligned
images were binned to the final pixel size of 2.852 nm. For
tomographic reconstruction, the radial filter options were left at
their default values (cutoff, 0.35; fall off, 0.05).

Accuracy of the TEM stage movements was determined by a
series of stage movements starting from and returning to the same
initial position, so that the initial and final stage coordinates were
the same. Relative displacement of the images recorded at the
initial and the final positions represented the stage error.

2.4. FIB and scanning electron microscopy (SEM)

SEM and FIB imaging and FIB milling were carried out on a dual-
beam (FIB-SEM) microscope (Quanta 3D FEG, FEI) equipped with a
custom-built 3601 rotatable cryo-stage operated below �180 1C.
Grids mounted on autogrid rings were placed on cryo-FIB shuttle [7]
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and transferred under cryogenic temperature into the microscope
using a cryo-transfer system (PP3000T, Quorum). To prevent
curtaining artifacts that may occur during milling, specimens were
coated by organometallic platinum using the in situ gas injection
system (GIS, FEI) [19]. Organometallic platinum coating was done
with the following parameters: stage working distance, 13.5 mm;
GIS pre-heating temperature, 26 1C; gas injection time, 4 s.

SEM imaging was performed at 5, 10 and 15 kV acceleration
voltages, beam currents were between 6 and 50 pA (the lower
values typically provided better results), dwell time was between
3 and 10 μs and magnification was 300–1000� (corresponding to
pixel size 243–73 nm). For FIB imaging acceleration was 30 kV,
beam current 10 pA, dwell time 3–10 μs and magnification 500–
2000� (corresponding to pixel size 146–36 nm).

Vitrified lamellae were prepared under shallow angles of 8–151
essentially as described in [17]. Two rectangular patterns approxi-
mately 15 μm in width were made using a Gallium ion beam at an
acceleration voltage of 30 kV. Beam current was 0.3 nA for the
initial rough milling and it was progressively lowered to 0.1 nA,
50 pA and 30 pA during the thinning and cleaning steps.

Electron and ion beams were perpendicular to the image x-axis
and formed sharp angles with the image y-axis. Samples were
tilted around the y-axis, so the images appear compressed along
the y-axis. All scale bars indicated in images are according to the
x-axis units.

2.5. Coordinate transformations

All coordinate transformations employed here are based on the
affine transformation. This transformation consists of the general
linear transformation (T) and translation (d), and it induces a
transformation of the coordinates of a point as follows:

u¼ T � xþd ð1Þ
where x and u are the vectors that specify coordinates of the point
in the initial and the final coordinate systems, respectively. In two
dimensions (2D), x, u and d are the vectors in 2D and T is a 2�2
matrix. The affine transformation preserves collinearity of points
and keeps parallel lines parallel, but in general does not preserve
angles and lengths.

In order to find the transformation that transforms coordinates
of a set of points in an initial system fxig to coordinates in the final
system fuig (where index i¼ 1;…;N denotes points), we need to
determine the transformation parameters T and d that minimize
the root mean square error:

Erms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
i
ðui�T � xi�dÞ2

s
ð2Þ

Because the total number of free parameters that determine a 2D
affine transformation is six, it is sufficient to specify three points
(that are not collinear), but in practice it is useful to choose more
points. It can be shown that the optimal transformation (in the
least mean square error sense) is obtained by first shifting both
coordinate sets to their center-of-mass coordinate systems and
then calculating the general linear transformation matrix T that
minimizes the square error in the center-of-mass systems. We used
the Scipy package [20] to optimize matrix T, but equivalent
functions exist in other software packages.

In order to understand the action of this transformation, it is
useful to apply the QR decomposition to factorize the general
linear transformation matrix G, as follows:

T ¼ QSPM ð3Þ
where Q is a rotation matrix, S is a diagonal matrix representing
anisotropic scale transformation, P is a diagonal matrix with
elements 1 or �1 representing parity (axis flip), and M is a shear

transformation matrix that has diagonal elements set to 1, one of
the off-diagonal elements is 0, while the other represents the
magnitude of this transformation. All these are 2�2 matrices. In
other words, the affine transformation can be seen to translate,
rotate, stretch/compress, flip and induce shear transformation on a
2D object.

A rigid body, or orthogonal transformation in 2D is a special
case of the affine transformation where there is no shear and the
scale transformation reduces to one scale factor s:

T ¼ sQP ð4Þ
In this case, parity, scale factor and the rotation angle that

define the orthogonal transformation can be calculated based on
the least square error requirement. This transformation represents
TEM/LM imaging at different magnifications of an EM grid that is
moved, rotated and possibly flipped but it is kept perpendicular to
the electron/photon beam.

Singular value decomposition provides another way to factorize
the general linear transformation. It is represented by

T ¼USV ð5Þ
where U and V are the rotation matrices and S is a scale matrix.
Again, they are all 2�2 matrices. This transformation is equivalent
to first rotating the object in 2D, then scaling it separately in the x-
and y-axis directions, and finally rotating it in 2D again. Because
the scaling transformation relates 2D projections of a flat object
upon 3D rotation around x- or y-axis, this formulation shows in an
intuitive way that the 2D affine transformation can represent a
rigid 3D transformation of a 2D object, where the affine transfor-
mation acts on 2D projections of the object. Consequently, the
affine transformation can be used to represent SEM and FIB
imaging of a grid, given that its surface is flat. In addition, the
affine transformation (in its general form) is also useful for TEM/
LM imaging in cases where a grid is not completely perpendicular
to the imaging beam.

The coordinate transformation formalism allows a straightfor-
ward composition of multiple transformations. Namely, if trans-
formations between coordinate systems a and b and between b
and c are found, their composition yields the transformation
between systems a and c. However, the mean root error cannot
be calculated directly if different points in system b were used to
find the two transformations. We estimated the error for trans-
formation from a to c as

E2a-c ¼ detðSb-cÞE2a-bþE2b-c

where Ea-b and Eb-c are the root mean square errors for
transformations from a to b and b to c, respectively, and Sb-c is
the scale matrix for the transformation from system b to c.

In most correlative procedures presented in Section 3, a coordi-
nate transformation between two coordinate systems (images or
stage positions) is established using coordinates of multiple features
(marker points) by minimizing Eq. (2). Coordinates of features of
interest in one system can then be determined from their coordi-
nates in the other system by a direct application of Eq. (1).

The only exception is the move-overview variant of the
transformation between a low magnification (overview) EM image
and the EM stage coordinates. For this coordinate transformation,
only one feature is used as a marker, but multiple overview images
are made at different stage positions (Fig. 1B). The coordinates of
the marker feature in the overview images (uM) and the respective
stage coordinates (s) are used as marker points to establish a
transformation according to Eqs. (1) and (2):

s¼ TM � uMþdM ð6Þ
where TM and dM are the transformation parameters. This trans-
formation relates overview image and stage coordinates of the
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marker feature (hence subscript M) that are used to establish the
transformation and it is not valid for the transformation of any
other feature. The transformation of any other feature (point P)
will have the same general linear matrix TM but different transla-
tion dP:

s¼ TM � uPþdP

where subscript P signifies that this transformation is valid for a
feature P. It is implicitly understood that different overview
images are related by pure translation. The translation vector dP
can be calculated from the application of the previous equation to
a specific overview image (here termed the reference overview
image). Its substitution back to the previous equation yields

s¼ TM � uPþs0�TM � u0
P

where superscript 0 specifies the reference overview image and
the corresponding stage system. Finally, the stage coordinates sc at
which the feature of interest P is located at a fixed position on the
corresponding overview image (without loss of generality this can
be taken to be the center of the image, uC) are as follows:

sC ¼ �TM � u0
Pþs0þTM � uC ð7Þ

To summarize, this equation shows that stage coordinates at
which a feature P is located at the center of the overview image
(sC) is a function of the coordinates of this feature at the reference
image (uPo), while all other parameters are fixed (TM is calculated
from the markers, s0 are the stage coordinates of the reference
image and uC are the coordinates of the center of the overview
image).

This equation can be intuitively understood: the transformation
between the overview image and the stage coordinate systems has
to be an affine transformation. The general linear part of this
transformation (�TM) relates overview image and stage systems,
so it can be obtained by moving the stage and following the
coordinates of a marker feature (TM), but it has to have a negative
sign because moving the overview system in one direction makes

a feature on the overview image move in the opposite direction.
The translation part (s0þTM � uc) is simply determined from the
case when the feature of interest is positioned in the center of the
reference overview image.

Functions that perform all calculations mentioned earlier in
this section, such as finding a transformation (both in general
linear and orthogonal forms) based on marker points, calculation
of error, decomposition, inversion, composition of two transfor-
mations, or transformation of given coordinates were implemen-
ted in the python programming language as a part of the Pyto
package, which is available to the scientific community upon
request. This package uses Numpy and Scipy packages for numerical
and scientific calculations [20]. These functions were developed and
executed under the interactive environment IPython [21]. Coordi-
nates of markers and correlated features were identified by simple
clicking on images and were written to files or noted on the images
using standard tools of the scientific image manipulation program
ImageJ [22], except for the TEM stage coordinates which were
recorded manually. In this way we benefited from the power of the
already developed scientific software packages and still retained the
portability and flexibility of our software module.

3. Results

3.1. Correlative cryo-LM and cryo-ET

Correlative cryo-LM and cryo-ET is a technique that allows
identifying and imaging the same structures in both LM and cryo-
EM. This technique is often used to obtain cryo-tomograms
(typical size 1–2 μm) corresponding to features identified in
cryo-LM, hence it is usually referred to as the correlative cryo-
LM and cryo-ET. In a coordinate transformation-based correlative
approach, a transformation between coordinates on an LM image
and the TEM stage positions is established. In our approach, an

Fig. 1. Correlation between cryo-LM and cryo-EM. (A) Cryo phase-contrast (top) and cryo-fluorescence images (bottom) of a grid square containing 1 μm fluorescent beads
(arrowheads). (A) and (B) Green ’� ’ signs and arrows denote markers used to determine the general linear and translation parts, respectively, of the transformation between
cryo-LM and the overview images. (B) EM overview image of the same grid square. Arrowheads denote fluorescent beads. Dashed line frames schematically show different
overview images used for determination of the transformation between overview and TEM stage by the move overview variant. (C, top and middle) Search images
corresponding to the blue frames shown on the overview image (B), that were used for determination of the transformation between overview and TEM stage by the move
stage variant. (C bottom) Correlated fluorescence spot from the cryo-fluorescence image (A, bottom), also shown by red frame on panel B. Scale bars: (A) 20 μm (B) 10 μm
(C) 2 μm.
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intermediate step consisting of low-magnification TEM imaging is
introduced, thus separating the correlative procedure into two parts.

In the first part, a coordinate transformation was established
between coordinate systems defined by the LM image and a low-
magnification TEM image (here called “overview” image) where
both images show one or more features of interest. EM finder
grids and/or the existing grid scanning procedures for TEM and
LM provide a basic orientation on the grid and allow a straight-
forward identification of the field on an EM grid (square or
rectangle) where the feature of interest is located [9]. A typical
overview image shows the whole grid field containing the feature
of interest and has a size of about 100 μm at the specimen level
(Fig. 1). In order to establish this transformation, suitable marker
points, that is features visible both on the cryo-LM and the
overview images, need to be identified. The coordinates of these
markers on both cryo-LM and overview images were used to
determine the correlation parameters so that the error is mini-
mized (Eq. (2)). Holes on the quantifoil support film and imper-
fections and cracks in the amorphous ice were typically chosen as
marker points. Corners between grid bars that were used in
previous studies [11,16] require very high intensity of the
electron beam in order to be detected on overview images. The
specific location of markers is not important provided that the
grid was not deformed in any way between cryo-LM and TEM
imaging and that the image distortions are not substantial. In
case such non-linear deformations are present it is advisable to
choose markers in the vicinity of the features of interest and
away from the image rim.

Features of interest are commonly identified in cryo-fluorescence
images. Several fluorophores suitable for labeling of live cells have
been shown to retain their fluorescence in vitrified samples [9–11].
We quantified fluorescence intensity in HeLa cells transiently expres-
sing genetically encoded fluorophores GFP and mCherry. The ratio
between fluorescence intensities at room temperature and cryo-
conditions was 0.4170.37 (mean7std, N¼10, po0:05 by paired t-
test) for GFP and 0.5370.23 (mean7std, N¼15, po0:001 by paired
t-test) for mCherry. In our experience, phase-contrast cryo-LM images
have several advantages over cryo-fluorescence images for the identi-
fication of marker points. Cryo phase-contrast and cryo-fluorescence
images tend to be well aligned when they are recorded sequentially at
each x–y and z position. When they are recorded separately, which at
our setup significantly decreased the acquisition time, they differed by
a translational shift that was easily corrected. In some cases these
images were also rotated with respect to each other, so the orthogonal
coordinate transformation was used. Grid bars were still visible in
fluorescence images from fluorophores such as GFP, or mCherry, but
they were not detectable in the presence of strong fluorescence from
fluorescent beads.

When there were not enough marker points that could be
unambiguously identified in both images, we used an alternative,
indirect procedure to establish the transformation between cryo-LM
and overview images. A few carbon-film holes were chosen in both
cryo-LM and overview images that were not the same in both
images, but formed the same pattern which was oriented in the
same way with respect to the grid. A coordinate transformation
established using centers of these holes as markers has the correct
general linear transformation parameters, but incorrect translation
(Eq. (1)). The determination of the correct translation required that
one marker feature could be established with certainty on both
images (Fig. 1). In both cases, the correlationwas typically established
based on the affine transformation in its general form (Eqs 1, 3),
because grids were not always positioned perpendicular to both
photon and electron beams.

In the second part of this procedure, the transformation
between the same overview image used in the first step and the
TEM stage coordinates was established. This step has two variants,
depending on how many markers were used.

In one variant termed “move search”, at least 3–4 features were
identified on the overview images and positioned by TEM stage
movements to the center of images recorded at a magnification
close to the one used for the subsequent tomographic acquisition
(search images). Coordinates of the features on the overview
image and the TEM stage coordinates corresponding to the search
images were used as markers to determine the coordinate trans-
formation parameters.

The other variant, termed “move overview”, requires only one
marker feature on the overview image. The TEM stage was moved
by 10–20 μm in different directions and overview images were
made at these stage positions (the marker has to be visible on all
overview images). The coordinates of the marker feature on the
overview images and the corresponding stage positions were used
as markers to determine the general linear transformation that
relates the overview images and the stage systems. The coordinate
transformation specified in Eq. (7) relates coordinates of a feature
of interest on the overview image used for the LM – overview
transformation (the reference overview image) with the stage
coordinates at which this feature is positioned at the center of the
reference overview image. Here, no search images need to be
recorded, but it should be made sure that the magnifications used
to record overview images and the tomographic series are aligned.
This variant is clearly more straightforward to perform, even
though it is conceptually bit more involved.

In both variants, the coordinate transformation between
the cryo-LM image and the TEM stage system was obtained as a
composition of the cryo-LM to overview and overview to TEM
stage transformations. The application of the composite coordinate

Fig. 2. Rough correlation based on visual cues. (A) Mitochondria labeled with Mitotracker cover a large region of BHK-21 cells outside nucleus. This image was recorded
before FIB milling, the position of the subsequently cut lamella is outlined. Scale bar 50 μm. (B) TEM image of lamella and the surrounding region. Square shows the location
of the tomogram shown on panel C. Scale bar 5 μm. (C) Tomographic slice shows two mitochondria. Scale bar 0.5 μm.
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transformation on coordinates of a feature of interest detected on
the cryo-LM image yields TEM stage coordinates such that a cryo-
EM image recorded at that TEM stage position is expected to have
the feature of interest at the center.

In order to illustrate the steps of the above procedure, we chose
a simple system where 1 μm beads were vitrified on a grid. Cryo-
LM images, recorded both in phase-contrast and fluorescence
modes, as well as an EM overview image of the same grid square
are shown in Fig. 1A and B. In this case, centers of carbon-film
holes were used as markers for the transformation between cryo-
LM and overview systems. Holes are often present on grids
containing vitrified cells (see Figs. 3A and 4A), but their visibility
depends on cell type and density. Alternatively, cracks and other
amorphous ice imperfections, which in our experience are com-
mon with vitrified cells, can also be used as markers. In any case,
markers should be located in the vicinity of the feature of interest,
within the same grid square. Fig. 1 shows the more involved,
indirect procedure. Markers used for the general linear part of the
transformation are shown as green “� ” signs, while the green
arrows point to the markers used to determine the translation.

Both variants of the procedure that establish the transforma-
tion between the overview and stage systems are shown in Fig. 1B
and C. Two out of seven overview features used for the move stage
variant, as well as the corresponding search images are indicated
by blue frames. These stage coordinates, together with coordinates
of the overview features were used as markers. For the move
overview variant, only one feature was used. Its coordinates at
different overview images (indicated by dashed-line frames on
panel B), together with the corresponding stage positions were
used as markers. The beads were not used to establish these
transformations.

The root mean square error of the transformation between
cryo-LM and EM overview was 0.7 μm and between EM overview
and stage 0.3 μm for the move search and 0.6 μm for the move
overview variant. We applied the combined transformation (cryo-
LM to EM stage) to the coordinates of the beads (indicated by
� -symbol in Fig. 1A and B), in order to calculate the correlated
stage coordinates. Search images recorded at these images showed
that the actual correlation error was below 0.4 μm.

The correlation error depends on the precision of the marker
location, as well as on the accuracy of the stage movements. The
latter was measured by repeated movements of the stage by
different distances and along different directions. For small move-
ments, between 10 and 100 μm, which correspond to movements
within a grid field, the stage error was 3707184 nm in x and
3367209 nm in y-direction (mean7std, N¼13) and for large
movements (200–500 μm) the error was 2997135 nm in x and
10217392 nm in y-direction (mean7std, N¼7). This indicates
that stage movements can contribute significantly to the correla-
tion error. The difference in the root mean square error between
the move search and the move overview variants mentioned in
the previous paragraph might be due to the stage error, but other
causes, such as image distortion cannot be excluded. Another
contribution to the correlation error arises from mechanical
deformations of grids, which is especially pronounced for gold
grids that are typically used for cell cultures. The use of a grid
support ring (AutoGrid™, FEI, The Netherlands) reduces grid
bending that otherwise may occur from manipulations between
cryo-LM and TEM imaging. However, there is a risk that a grid gets
bent before it is fixed by the grid support ring. This, in combina-
tion with a positioning where the grid is not horizontal, that is
perpendicular to imaging beams, also contributes to the correlation
error, because strictly speaking the 2D affine transformation is appro-
priate only for planar specimen. Therefore, careful grid handling is
required to achieve a precise correlation.

3.2. Correlative cryo-LM and FIB

The possibility to reduce the thickness of vitrified material by
FIB, thus making it accessible for cryo-ET, brings into focus
targeting of FIB milling to a feature of interest identified in cryo-
LM images. When a feature of interest is relatively big (10 μm or
larger), rough orientation based on visual cues may suffice. This is
shown by making a lamella by FIB milling approximately in the
region occupied by mitochondria (Fig. 2A and B). One of the three
tomograms of mitochondria that were recorded on this lamella is
shown in Fig. 2C.

Fig. 3. Markers used to establish cryo-LM to SEM and SEM to FIB correlations. (A) Phase-contrast cryo-LM image (left) and the corresponding SEM images at 5 kV (center)
and 15 kV accelerating voltage (right). Grid bar corners are used as markers for cryo-LM to SEM transformation. Corners corresponding to the top surface (narrower grid bar
outline) are indicated by “þ” sign , while those located below the top surface (wider bar outline) by “� ” sign. (B) FIB image (left) and the corresponding SEM images at 5 kV
(center) and 15 kV accelerating voltage (right). Surface features used as markers for SEM to FIB transformation are indicated by circles. Scale bars 20 μm.
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The position of the lamella in the fluorescence image recorded
prior to FIB milling (Fig. 2A) was obtained by manual alignment
with cryo-LM images recorded after FIB milling and tomography.
Post-tomography fluorescent signal on lamella was quite faint but
detectable. Because the lamella contained only a fraction of the
number of the fluorophores present in the same area before
thinning, and because the quantification of the fluorescence signal
before and after milling was additionally aggravated by the
deposition of platinum coating during the SEM-FIB imaging, it
was not possible to determine if the fluorescence was affected by
the exposure to the electron and ion beams.

In order to achieve a more precise correlation, we developed a
procedure to determine the transformation between cryo-LM and
FIB images. This task is more involved because the grid is rotated
to form a sharp angle (here 7–151) with the ion beam in order to
make a lamella. As noted in Section 2, 2D affine transformation can
be used to describe the rotation and translation of a 2D object in
3D. Therefore, we chose to adapt the coordinate transformation-
based procedure described in the previous section.

Because of the lack of features that could be routinely recognized
in both cryo-LM and FIB images, we included scanning electron
microscopy (SEM) imaging as an intermediary step. SEM images
show different features depending on electron accelerating voltages,
because the penetration depth of electrons increases with the
accelerating voltage. Specifically, SEM images recorded at 5 kV show
outlines of grid bars at the top surface of the grid, while the 15 kV
SEM images show both the top surface (more narrow) outline and
the second (wider) outline of the grid bars located few micrometers
below the top surface (Fig. 3A center and right panel). Because they
depend mostly on transmitted light, phase-contrast cryo-LM images
show the below-the-top-surface (wider) outline of the grid bars at
standard contrast settings. However, linear adjustments of the image
gray-scale also allow the visualization of the top surface (narrower)
grid bar outline (Fig. 3A left panel).

We exploited these properties and used corners between grid
bars as markers to establish the transformation between cryo-LM
and SEM. These transformations were established based on 5 or
15 kV SEM images. In both cases the root mean square error was in
the range between 0.4 and 0.9 μm. Care must be taken that the

outlines at and below the surface of the grid bars are not confused
between the cryo-LM and the SEM images. For that reason, we
always select grid corners facing both the inside as well as those
on the outer side of the grid field of interest (Fig. 4). In some cases,
when cells are sparsely plated, carbon-film holes were used as
markers, resulting in smaller transformation errors.

The next step concerned the transformation between the FIB
images used to prepare lamellae and the SEM images previously used
to establish the correlation with cryo-LM. Because FIB images show
the sample surface, markers have to be located there. SEM images
acquired at 5 kV accelerating voltage typically show a sufficient
number of features that are suitable as markers (Fig. 3B). It is also
possible to use 15 kV SEM images, but the detection of surface features
is less clear.

Because we typically prepared lamellae that make very small
angles with the grid (7–151), the correlation error is minimized if
the markers lie on a plane parallel to the grid. Considering that the
sample surface is usually not flat, it is beneficial to restrict markers
to the vicinity of the feature of interest where the surface is
approximately flat. Small surface contamination is generally sui-
table to be used as markers. Grid bars, larger contamination and
other similar features facilitate the identification of corresponding
markers on SEM and FIB images. It may also be useful to compress
the SEM image along the y-axis so that it roughly corresponds to
the FIB image, or simply to visually focus on the x-coordinates of
the features because FIB images are not compressed in this
direction. Although the SEM markers in Fig. 3B might appear to
lie approximately on a line parallel to the y-axis, it is clear from the
FIB image that they roughly form an arc with a considerable
extension along the x-axis. With 5–20 markers, the root mean
square error of the transformation was typically between 0.3 and
0.6 μm. It is also useful to check the values of the transformation
parameters after the singular value decomposition (Eq. (5), see
Section 2). The angles that characterize rotation matrices u and v

should be very small, because the electron and ion beams are
perpendicular to the stage tilt axis, whereas scaling matrix s
determines the extent of FIB image compression in the y-axis
direction arising from the different angles that the electron and
the ion beam make with the grid.

Fig. 4. Example of the cryo-LM - FIB correlation. (A) Cryo-LM phase-contrast (left), SEM at 5 kV acceleration voltage (center) and FIB images (right) showing the same
L-shaped mark made by FIB milling. Corners of the mark were correlated from the cryo-LM image (denoted by “þ” symbols) to SEM and FIB images (denoted by “� ”

symbols). Scale bars 10 μm (B) BHK-21 cells were labeled with Golgi-GFP. A lamella (marked by arrows) can be seen on FIB (right) and SEM (center) images. The position of
the lamella was correlated to cryo- image (left), indicated by an arrow pointing at a dashed-line frame. Scale bars 20 μm.
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The transformation between cryo-LM and FIB is obtained as a
composition of transformations from cryo-LM to SEM and from
SEM to FIB. Obviously, for the composite transformation to be
valid, the same SEM image needs to be used for establishing cryo-
LM to SEM and SEM to FIB transformations. The markers used
need not be the same (see SEM images of Fig. 3), which provides
additional flexibility. Nevertheless, all markers identified should
be located at the same plane parallel to the grid. If that is not the
case and markers used for LM-SEM and SEM-FIB transformations
lie on two parallel planes separated by distance z, a correction of
the magnitude z sin ðαÞ (where α is the angle between the grid
and the electron beam) should be applied on SEM markers in the y
direction.

Once the transformation between corresponding cryo-LM and
FIB images is established, it can be used to correlate features from
cryo-LM to FIB images or vice versa. In order to determine the total
correlation error, we made a L-shaped mark by FIB-milling to
provide an accurate estimate of the correlation accuracy (Fig. 4A).
The transformations between cryo-LM, SEM and FIB images were
established based on grid corners and surface features, as already
described in this section, without a reference to the L-mark. The
root mean square error of the combined transformation was
0.8 μm. Then, corners of the L-sign were correlated from the
cryo-LM image to SEM and FIB images (denoted by ‘þ ’ signs on
the left panel and ‘� ’ signs of the middle and right panels of
Fig. 4A). The root mean square error of this correlation (cryo-LM to
FIB) in respect to the actual positions of the corners was 1.1 μm
and it can be seen in this figure that the error was larger in the
y-direction.

Apart from the inaccuracy in marker picking and the fact that
the sample surface was not flat, it is clear that the 3D nature of the
L-mark provides a significant contribution to the correlation error.
Namely, some of the L-mark corners detected in the cryo-LM and
SEM images actually lie on the upper and other on the lower
surface of the sample, which causes a correlation error in the y
direction because the FIB beam used to produce the L-mark was
not perpendicular to the grid. In the same way Fig. 4B shows that a
lamella appears very thin when observed in a FIB image, but the
corresponding SEM image shows that it is extended in the y
direction (typically around 10 μm). This lamella was correlated
back to the corresponding cryo-fluorescence image to show that a
relatively large region of the cell contributes to the lamella.
However, only a small part of the indicated cell volume remains
in the lamella. In order to navigate FIB milling to produce a lamella
that contains a fluorescently labeled feature, a correlative proce-
dure based on 3D cryo-fluorescence imaging is necessary.

4. Discussion

Correlative microscopy is a method that allows imaging of the
same feature over multiple length scales, combining advantages of
light microscopy with the ability to obtain high resolution infor-
mation in EM [23,24]. The correlative cryo-LM and cryo-ET
approach combines the unambiguous identification of fluores-
cently labeled molecules with the higher resolution structural
information provided by imaging vitrified samples in TEM. It
allows the minimization of sample irradiation during the search
for features of interest, a procedure that can otherwise be quite
involved, especially for dense cell cultures.

Here we present correlative procedures suitable for application
to vitrified samples that are based on coordinate transformations.
Establishing a coordinate transformation between two coordinate
systems (images or TEM stage coordinates) makes it possible to
correlate any given position from one coordinate system to
the other.

Correlative procedures were developed for two application
cases. In the first, a modified procedure based on the earlier work
aiming to navigate cryo-ET to cellular regions identified by
fluorescently labeled proteins, and/or to provide additional infor-
mation about the region imaged by cryo-ET [11,16]. From the
computational perspective, the coordinate systems that need to be
correlated are the cryo-LM image containing one or more features
of interest and the TEM stage coordinates, so that an image
obtained at the correlated stage coordinates and at a magnification
used for cryo-ET contains the feature of interest. The procedure
presented here was designed to minimize exposure to electron
beam, reduce stage movements and concentrate on the area in the
vicinity of feature(s) of interest. Imaging grid bar corners, the use
of the TEM fluorescent screen and extensive image stitching are
avoided. This was achieved by making a small number of images
that are subsequently analyzed, and by the introduction of an
intermediary TEM imaging step. Namely, first a transformation
between cryo-LM and low-magnification (termed overview) cryo-
EM images was established, followed by the transformation
between the low-magnification cryo-EM and the TEM stage
systems. In this way, the individual transformations span a smaller
difference in magnification, making it is easier to find local
features that can serve as markers. Furthermore, we developed
an alternative procedure that requires the identification of an even
lower number of features. Even with a moderate LM imaging
power, the error of this correlation procedure was well below
1 μm.

The introduction of FIB milling as a mean to produce thin
vitrified lamellae that are accessible for cryo-EM posed new
challenges for the correlative approach. The second correlative
procedure presented here aims to orient FIB milling to produce
vitreous lamellae that contain features of interest identified by
cryo-LM. We introduced SEM imaging as an intermediate step to
bridge the large difference between cryo-LM and FIB imaging
modes. Namely, FIB imaging resolves only the surface character-
istics of the sample, while cryo-LM images receive contributions
from the full depth of the sample. SEM imaging provides informa-
tion about a limited depth of the sample, depending on the
electron accelerating voltage. We used voltages between 5 and
15 kV, the optimal electron acceleration voltage depends on the
sample properties, especially on its thickness. The higher voltage
made correlating SEM to cryo-LM easier, but the lower voltage was
better for the correlation between SEM and FIB. We identified grid
corners to be good and reliable markers between cryo-LM and
SEM modes and used surface features located in the vicinity of the
features of interest for the transformation between SEM and FIB
modes. The correlation precision was about 1 μm, which allows
navigation of FIB milling to fluorescently labeled targets. Currently,
identifying suitable images and markers, as well as running the
correlation procedure, requires some training and typically takes
30–60 min to perform, depending on the sample properties and
the required correlation precision, and we are working on stream-
lining the procedure for non-experts.

The coordinate transformation based procedures presented here
do not rely on the large visual cues such as the morphological
features of cells and the manual alignment of images. Instead, they
require the identification of suitable marker features. Furthermore,
the initial and final imaging modes are not correlated directly, but
via intermediary modes. Consequently, the initial and the final
imaging modes need not have the same markers, which facilitates
the whole procedure. In the examples provided, the root mean
square error of the transformations and the actual correlation errors
were between 0.3 and 1.1 μm. This argues that the correlative
procedures presented here, possibly with a small final adjustment
of the field of view in TEM, is likely to successfully navigate cryo-ET
to features identified in cryo-LM images.
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Both correlative procedures are based on the 2D affine trans-
formation, which is the most general linear transformation in 2D
and is consequently appropriate for the correlation between cryo-
LM and cryo-EM. This transformation also accounts for 3D rota-
tions of the grid encountered in SEM and FIB imaging, but its
application is strictly speaking correct only for features that lie on
a flat surfaces. Besides the uneven sample surface, most likely
sources of the correlation error were the stage inaccuracy and the
imprecise marker localization, while in some cases non-linear
deformations such as grid bending and image distortion may have
also contributed to the error. Grid bending can render grids
unusable for imaging and the correlative procedure, thus empha-
sizing the importance of careful grid handling. Improvements of
the cryo-LM setup are also expected to improve the correlation
accuracy, as it was shown for resin-embedded sections [25].
However, cutting a lamella at a location of one small fluorescent
spot presents a genuine 3D problem. In order to solve it, 3D affine
transformation needs to be used and, more importantly, 3D cryo-
LM imaging is required.

Future adaptations of cryo-LM holders to single molecule and
super-resolution fluorescence imaging modes is expected to provide
a much more precise localization of fluorescently labeled molecules,
aiding in their correlative detection and identification in cryo-
tomograms. The correlative approach presented here that relates
cryo-LM to SEM and FIB imaging modes already allows targeting of
FIB milling so that lamellae can be cut at fluorescently labeled
subcellular regions. In combination with the ongoing improvements
of the cryo-LM instrumentation, this approach is expected to allow
cryo-ET imaging of specific macromolecular complexes within intact
cells, a prerequisite for the elucidation of the macromolecular
organization of unperturbed cellular environments.
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